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ABSTRACT OF DISSERTATION

OXIDATIVE DEGRADATION OF LIGNIN AND INVESTIGATION OF UTILIZATION
OF LIGNIN-DERIVED MATERIALS AS BUILDING BLOCKS FOR EPOXY RESINS
Lignin, the second most abundant biopolymer on earth, is potentially a replaceable
source for bulky fuels and chemical feedstocks. There have been numerous reports on
methods for the oxidative cleavage of β-O-4 linkages but relatively few reports of how those
methods affect other linkages that are present in lignin. We investigated how the β-1 and β-5
linkages respond under oxidative conditions proposed for lignin deconstruction based on their
effect on β-O-4 linkages. Mechanochemical treatment of lignin can greatly improve the yield
of monomer products and we applied a mechanochemical approach, using powerful ring-andpuck milling to promote lignin degradation. Along with similar production of monomers in a
much shorter period than what we observed in previous ball-milling process, much more
unexpected reactions were taking place during the current mechanochemical process.
Lignin is a promising feedstock for epoxy resins since lignin-derived aromatic
monomers usually bear hydroxyl and carboxyl groups. We are working on utilizing these
mono-aromatic compounds and highly-functionalized-lignin as precursors for preparation of
epoxy thermosets. We are interested in investigating the properties of thermosets by utilizing
the actual isolated monomer streams from raw lignin. We expect to observe attractive thermal
and mechanical properties from these lignin-derived epoxy thermosets compare to that of the
commercialized but currently limited-used BPA-based epoxy resins.
KEYWORDS: Oxidative degradation, β-1 and β-5 model compounds, mechanical milling,
epoxy resins, kraft lignin
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Chapter 1 Background Introduction
1.1 Renewables and Biomass

Non-renewable fossil fuels have provided most of the energy supply in the past
century, and petroleum products have significantly contributed to human development. The
necessities of human life like food, fuels and chemicals are dependent on petroleum-based
industries. As of 2014, the world's proven oil reserves of 1.7 trillion barrels can only meet the
next 52.5 years of global needs.1 According to a report from BP,1 in 2015 over 92 million
barrels of crude oil were consumed every day to satisfy the energy needs of the world, and
that demand will increase to 116 million barrels by 2030.2 On the other hand, utilization of
petroleum products has caused increasing environmental issues that could threaten the
survival of humanity. The combination of severe concerns over the depletion of fossil fuel as
energy source and global warming driven by fossil fuel consumption means that there is an
urgent need for the development of renewable and environmentally-friendly energy resources.
Only 19% of energy consumption in 2011 was supplied by renewable sources (such as wind,
solar and biomass) and approximately 78% came from fossil fuels,3 which illustrates that the
role of renewables can grow substantially.
Biomass and its derivatives are considered one of the most promising substitutes for
fossil fuels,4 as they are easily generated in large amounts via biological photosynthesis from
water, sunlight and CO2. Terrestrial plants have shown great potential, and as carbon-neutral
materials they will not adversely affect the global carbon balance because forests will absorb
CO2 to grow.5 Between 80-164 billion tons of dry matter is produced annually6 and utilization
of this material could greatly mitigate the environmental and climate change caused by use of
1

fossil fuels, while at the same time reducing the societal dependence on fossil-based
materials, as shown in Figure 1.1. For example, about 341 million tons of dry lignocellulosic
biomass was available in the US in 2012,7 30% of which came from biomass that was
generated from forest residue and the remaining 70% from agricultural residue. An ambitious
goal has been set by the USDA and USDE7 that 25% of chemicals and materials and 20% of
liquid transportation fuel are to be produced from biomass by 2022. The European Union has
also set similar mandatory goals to replace 30% of transportation fuels and 25-40% of
products and fuels from fossil feedstock by biomass-derived materials.8 In addition, use of
renewable biomass can cut the cost of waste disposal, for example an estimate of 10 million
dollars in land fill fees was paid annually for the disposal of apple dregs in US.9 These
benefits have attracted more interest and attention to the expansion of techniques and
strategies to process biomass.

Figure 1. 1 Terrestrial plants absorb CO2 from atmosphere, H2O mostly from soil and energy
from sunlight to produce biomass as well as O2. Then O2 can be reacted with biomass to
produce energy, CO2 and H2O. No net CO2 and H2O is produced in this cyclic process.5
1.2 Why lignin?

More than 170 billion tons5 of lignocellulose biomass, the most abundant biorenewable resource on earth, is produced annually. Lignocellulose is composed of 20-30%
2

hemicellulose and 40-50% cellulose and lignin, wherein lignin contributes 15-30% by weight
and up to 40% by energy of lignocellulosic biomass.5, 8 Lignin is the second most abundant
biopolymer and as a main byproduct of paper and pulp industry, an estimated production of
50 million tons of lignin was isolated in 201010 but only 2% of that lignin was used in lowvalue application for heat or power supply while the remaining 98% was simply burned as a
low-value fuel.11 These uses do not take full advantage of lignin to produce high-value
products which stimulates the desire to find not only to isolate lignin from biomass but also to
increase the commercial value of lignin-based products. The “money equivalent” of lignin
that is directly used as fuels is only $0.18/kg and is about $1.08/kg when lignin can be
converted into useful chemicals.12 This difference leads to the development of techniques and
strategies to convert lignin into value added and price-competitive chemicals. It has been
suggested that if 60%-80% of lignin can be specifically converted into adipic acid and 1,4‐
butanediol, the minimum fuel selling price can be reduced to $3/GGE (gallon gasoline
equivalent) from the current (2018) price of $5.10/GGE.13
Lignin is still primarily considered as the promising feedstock of aromatic chemicals
due to its aromatic skeleton. Since lignin behaves as a resin that fills the spaces between
hemicellulose and cellulose (which are both polymers of C5 and C6 sugars14) to supply the
rigidity to the overall plant structure (shown in Figure 1.2), separation of lignin will make the
hemicellulose and cellulose fractions more accessible to biological and chemical digestion.14
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Figure 1. 2 Schematic analysis of the location and structure of lignin in lignocellulosic
material15
1.3 Structure and Property of Lignin

1.3.1 Building units
Lignin can be defined as a highly methoxylated 3-dimensional cross-linked
amorphous polymer composed of three primary monolignols: sinapyl, coniferyl, and pcoumaryl alcohols, also known as syringyl (S), guaiacyl (G), and p-hydroxyphenyl (H) units,
respectively, as shown in Figure 1.3.

Figure 1. 3 Three monolignol monomers, primary building units of lignin16
These three monolignols all consist of a propyl side chain and a phenyl group but
differ in the number of methoxy groups that are attached to the aromatic ring: p-coumaryl,
coniferyl, and sinapyl alcohols carry none, one, and two methoxy groups, respectively. The
carbon atoms on the aromatic rings are labeled as 1 to 6 while those in the aliphatic branches
are labeled as , and  in order to get those various linkage types categorized (Figure 1.3).
4

Lignin can be classified into four different types: type-G lignin (softwood lignin, which has
more guaiacyl species), type-G-S (hardwood lignin, which contains both guaiacyl and
syringyl units), type-H-G-S (grass lignin, which contains all of the three blocks), and type-HG lignin based on the diversity of monomer abundance.17 Due to the variety of monomer
content, the linkages formed during polymerization by random phenyl radical-radical
coupling reactions will also differ, which makes it quite difficult to determine the exact
structure of each isolated lignin. Scheme 1.1 shows several resonance forms of a phenoxyl
radical formed from coniferyl alcohol via a one-electron oxidation, and radical coupling
reactions can occur in any of several different positions due to the delocalization of the
unpaired electron.18

Scheme 1. 1 Resonance forms of the coniferyl alcohol radical18
1.3.2 Linkage Types
Lignin monolignols are linked by either C-O-C or C-C bonds, wherein the most
common linkages are ether bonds (C-O-C) which comprises almost two thirds of the linkage
structures of lignin. Some of the examples of C-O-C and C-C linkages are shown in Figure
1.4.
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Figure 1. 4 Examples of C-O and C-C linkages in lignin10
The relative abundance of some typical linkages is shown in Table 1.1, and it should
be noticed that some common functional groups19 (i.e. methoxyl, aliphatic and phenolic
hydroxyl) usually present as well. As seen in Table 1-1, the -O-4 linkage is dominant,
making up almost half of the linkage structures of lignin,20 and hardwood lignin has a larger
fraction of -O-4 linkages than does softwood lignin. Hardwood lignin (Type-S-G lignin)
contains fewer -5 and 5-5 linkages than does softwood lignin (Type-G lignin), which is
consistent with the fact that Type-G monolignols possess an available C5 position for radical
coupling while that coupling reaction is blocked in Type-S monolignols due to a methoxy
group (see Figure 1.3). These data also varies due to some factors like growing area,
environment or analysis techniques, even for the same plant substrates.21
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Table 1. 1 Relative abundance of different linkages19

A schematic overview of typical softwood lignin structures with dominant linkages is
shown below in Figure 1.5. It should be notable that this is not an “observed” structure of
lignin but a model that illustrates most bonding patterns.

Figure 1. 5 Schematic representation of common linkages in a lignin fragment22
The complicated, heterogeneous nature of the lignin macropolymer yields difficulty
into direct applications.23 The high molecular weight (for example, molecular weight of kraft
lignin was reported to reach 200,000 g/mol)12 limits the solubility as well as the accessibility
of parts of the structure and the reactivity with many reagents. Tremendous efforts10, 16 have
been made to better utilize lignin - to convert the macropolymer into chemicals with low
molecular mass and better solubility. Depolymerization strategies are typically either
7

acid/base catalyzed, oxidative, reductive, or thermal approaches. Model compounds
containing the linkages that are found in real lignin are widely used in the development of
methods for lignin deconstruction due to the complex, heterogeneous nature of native lignin.
The low molecular weight and simple structures of lignin model compounds makes the
analysis and characterization of products obtained from their reactions relatively easy.8
Research on the utilization of lignin has primarily focused on the development of sustainable,
cost-effective, environmental friendly and technical-selective strategies to produce small
molecules from the polymer, and the most widely used approaches are described below.

1.4 Current approach for lignin degradation

1.4.1 Oxidative cleavages
Oxidation is one of the dominate strategies for deconstructing lignin into chemical
fuels and other value-added aromatic monomers. Reductive approaches tend to afford simple
phenolic compounds by removing or simplifying the functionalities during lignin degradation
while transition metal-based catalysts, high temperature and high pressure of H2 is usually
required and most reductive methods can not cleave C-C linkages. Oxidative approaches tend
to produce more complex aromatics as oxidation can insert oxygen-containing functional
groups. Oxidative cleaving reactions include breaking ether bonds, C-C bonds, or other
linkages in lignin - even cleaving aromatic rings.16 Commonly used oxidants such as
nitrobenzene, O2, H2O2 and metal oxides have been employed industrially.24 Aerobic catalytic
oxidative deconstruction of lignin is especially attractive as cheap atmospheric oxygen is
readily available. Catalysts are required and the specific reactivity of the catalyst is critical in
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these oxidations, otherwise the reaction can lack activity and selectivity, and lead to overoxidation or lower conversion and poor yields of desired products.25, 26
Recently, primarily three types of products (dicarboxylic acids, low-molecular weight
phenols and benzoquinones) have drawn the bulk of interest in different groups.23 Since lignin
is a macropolymer composed of aromatic subunits, deconstruction of lignin into phenolic
products that have lower molecular weight is sensible. Early oxidative cleavage of lignin
utilized transition metal-based oxidants such as CuO, MnO2 or metal ions (Cu2+, Co2+ and
Mn3+).23 Those powerful oxidants can efficiently oxidize alcohols to acids, and are usually
employed in stoichiometric or even excess amounts; therefore, stoichiometry sometimes
needs to be carefully controlled to prevent formation of over-oxidation. For instance, KMnO4
is a very common strong oxidant27 especially under acidic conditions that can oxidize
alcohols to acids and sometimes can oxidatively cleave rings. Oxidative cleavage on native
lignin by KMnO4 to veratric acids has been reported18 but in a low yield (only 8%), and the
low solubility of KMnO4 in nonpolar solvents28 has also limited its application. Methods for
using catalytic amounts of KMnO4 would be needed for deconstructing lignin in a practical
manner. Stark29 reported a method to oxidatively decompose lignin to aromatic aldehydes,
phenols and other aromatic products through Mn(NO3)2 as the catalyst in an ionic liquid at
100 oC under 8.4 MPa air for 24h and produced up to a 66.3% conversion. Partenheimer30
reported that lignin was oxidized to aromatic aldehydes/acids by using a Co/Mn/Zr/Br
catalyst system in air with a 10.9 wt% yield.
Despite these inorganic metal-based oxidants, many organic catalysts that utilize
oxygen as the ultimate oxidant has been reported. For example DDQ (2,3-dichloro-5,69

dicyano-1,4-benzoquinone) was discovered to behave as an efficient oxidant for numerous
reactions.31, 32 DDQ can be widely used in oxidations of alcohols,33, 34 in removal of protecting
groups,35,

36

in oxidative couplings37,

38

and in cyclizations,39,

40

as well as application in

decomposition of lignin models and raw lignin.41 Westwood’s group has reported that DDQ
can not only oxidize benzylic alcohols to the corresponding ketones in -O-4 linkages,42 but
also modify -linkages in kraft lignin.41 Interestingly, treatment of the -model compound
eudesmin with 1 eq. of DDQ produced an alkene while when the amount of DDQ increased to
3 eq., an unusual pyran-4-one was formed (Scheme 1.2). Oxidations of alcohols to ketones at
room temperature by catalytic amount of DDQ in the presence of AcOH with NaNO2 as a cocatalyst and O2 as the ultimate oxidant was reported (Scheme 1.3).43 Benzyl alcohols with
unprotected phenols can be cleanly converted to corresponding aldehydes in 90% yield in 5h
wherein the phenolic hydroxyl groups were not affected,43 a process which is specifically
attractive in oxidative degradation of lignin since large amount of free phenols existing in
lignin are always problematic under oxidative systems.

Scheme 1. 2 Different products formed when eudesmin was treated with different amount of
DDQ
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Scheme 1. 3 Proposed catalytic cycle for the aerobic oxidation of alcohols catalysed by DDQ
TEMPO (2,2,6,6-tetra-methyl-piperidin-1-oxy) is a stable nitroxyl radical that has
previously been employed as a co-catalyst in aerobic metal-catalytic alcohol oxidations44-46 to
improve the selectivity under mild conditions. These metal-based methodologies either rely
on expensive transition metals47,

48

or produce hazardous heavy metal waste.49 More

importantly, in some cases50 the presence of even trace amount of water will cause the
deactivation of metal catalysts. Therefore, the exploration of metal-free catalysts for the
aerobic alcohol oxidations has been stimulated.
Despite the direct oxidative cleavage of lignin models or lignin itself, several groups
have reported a two-step strategy to cleave lignin model compounds. Since -O-4 linkages
are the most common of the lignin linkages, this approach primarily focused on the oxidation
of benzylic hydroxy groups to the corresponding benzylic ketones, followed by hydrolysis of
resulting products from sequent catalytic oxidative systems to cleave the C-O bond, in some
cases the C-Cbond. Stahl’s group reported chemoselective aerobic oxidation of benzylic
hydroxy groups in -O-4 models, using a system that is totally metal-free and consisting of
inexpensive mineral acids and TEMPO. The resulting ketones can be easily cleaved with
H2O2 into veratric acid and guaiacol (Scheme 1.4).51 They also achieved cleavage of these
oxidized -O-4 linkages within aqueous formic acid solution in mild condition wherein
11

monomeric products can be isolated in 70%-90% yield.52 Moreover, following this method,
over 60wt% yield of low molecular weight monomers can be obtained from an oxidized
aspen lignin.52 No C-O bond cleavage occurred when a non-oxidized -O-4 model was
treated with formic acid, indicating that the benzylic ketone is critical in success of the
deconstruction. Westwood42 and co-workers reported that benzylic oxidation of -O-4 models
with catalytic DDQ was easily achieved, and the resulting oxidized -O-4 linkages were
cleaved with Zn/NH4Cl. This strategy focused on ether bond cleavages, and compared to
other methods they can obtain highly selective products over 80% yield in one-pot in 15 min.

Scheme 1. 4 Monomers obtained from a -O-4 model compound via benzylic oxidation with
TEMPO and hydrolysis with H2O2 in basic condition
Wang’s group53 reported that benzylic oxidation of the -O-4 alcohols to
corresponding ketones can makes the C-O more fragile by lowering the C-O bond energy
from 247.9 kJ/mol to 161.1 kJ/mol (see Scheme 1.5). While the C-Cbond energy increased
from 264.3 kJ/mol to 294.2 kJ/mol. Additionally, instead of working on cleavage of the C-O
bond, they employed a specific copper/1,10-phenanthroline catalyst that can lower the
activation energy of the C-Cbond energy by about 100 kJ/mol. They obtained aromatic
monomers in over 80% yield in this approach.
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Scheme 1. 5 Two-step strategy for cleavage of -O-4 linkage and changes in bond energy
1.4.2 Acid-catalyzed cleavages
Early in 1924, Hagglund and Bjorkman54 reported the acid pulping of lignin by
treating with 12% aqueous HCl, with 1,3,5-benzenetriol, barbituric acid, and thiobarbituric
acid obtained. As ether bond linkages dominate in lignin biomass,55 hydrolytic cleavage of aryl and -aryl ether bonds also dominates56 in acid-catalyzed decomposition since the
phenolic ether bond and carbon-carbon bond between aromatic blocks are relatively stable.57
The rates of hydrolysis of -aryl ether bonds are 100 times faster than those of -aryl
linkages.58 A series of phenolic and nonphenolic -O-4 models were synthesized and
subjected to hydrolysis by hydrochloric acid by Jia in order to study the mechanism.59
Sarkanen proposed a mechanism that involved a dehydration reaction to yield the enol aryl
ether (the rate-determine step), and the resulting enol aryl ether can be hydrolyzed very
rapidly to -ketocarbinol (finally transformed to a mixture of “Hibbert’s ketones” due to the
allylic rearrangement)60 and guaiacol, as shown in Scheme 1.6. Additionally, though the
prominent intermediate in acid-catalyzed bond cleavage is the benzylic carbenium ion, the
prevailing pathway relies on the specific acid used (see Scheme 1.7). Utilization of HCl or
HBr leads to the formation of intermediate (a) and H2SO4 yields the formation of intermediate
(b).61-63 Monomeric products obtained from subsequent hydrolysis of intermediate (a) can be
seen in Sarkanen’s work60 (Scheme 1.6); further hydrolysis of intermediate (b) produces
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aldehyde (c) and other phenolic monomers.64 Despite of mineral acids, lewis acids,65,

66

organic acids,67 and acidic ionic liquids68, 69 have also been applied for hydrolysis of model
compounds and real lignin.

Scheme 1. 6 Mechanism of cleavage of β-phenyl ether linkages of lignin model through acidcatalyzed hydrolysis60

Scheme 1. 7 Formation of different intermediates from the benzylic carbenium ion
Jia and co-workers employed series of Lewis acids (AlCl3, CuCl2 and FeCl3) that can
achieve C-O-Caryl ether bond cleavage of two -O-4 model compounds into guaiacol in as
high as 49% yield in ionic liquids.70 Westwood and co-workers reported synthesis of new
model compounds (see Figure 1.6) that consisted of both -O-4 and -5.71 They introduced
ethylene glycol to “trap” the released formaldehyde from the -O-4 and -5 moieties so the
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amount the formed formaldehyde can be quantified. Additionally, they screened different
types of metal triflates and up to 19.3% of monomeric products were obtained when Fe(OTf)3
was used.72

Figure 1. 6 Models that combined-O-4 and -5 linkages
1.4.3 Base-catalyzed cleavages
Lignin is significantly more soluble in alkaline conditions than in water due to
deprotonation of phenolic hydroxyl groups.64 Not only can alkaline conditions can extract
lignin from biomass by breaking the lignin-carbohydrate bonds, but these conditions also
enable fragmentation and deconstruction of lignin via cleavage of the -O-4 moieties, where
fragments that are formed can be solubilized in alkaline media.64 Types and yields of formed
monomers heavily vary with the pressure, temperature, reaction time and especially the
specific bases used.73 Generally longer reaction time and higher temperature leads to higher
yields of monomers; stronger bases tend to favor higher conversion as mechanisms and
kinetics of the depolymerization reactions are governed by the those strong bases.74, 75 At low
temperature (≤ 300 oC), substituted and unsubstituted methoxyphenols are the prevalent
products while catechol or alkylcatechols become the predominate products when
temperature is higher than 300 oC.64 Base-catalyzed degradation of lignin, which occurs
primarily at the -O-4 portions and cleavage of ether bonds, can be categorized into two
types.76-78
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(1) -aryl ether bonds with free phenolic hydroxy groups on the para- position, so
cleavage occurs readily through a quinone methide intermediate, wherein transformation of
the quinone methide intermediate to guaiacol and coniferyl alcohol can occur with further
treatment of the aqueous alkaline solution with a nucleophile such as H2S, as shown in
Scheme 1.8. Clearly, carbon-carbon bonds can be formed via the competition reactions
between the reactive quinone methide and in situ formed lignin nucleophile, eventually leads
to repolymerization, demonstrating that inhibition of repolymerization is critical in improving
the generation of monomeric products. For example, Lercher and coworkers obtained
monomers in 15wt% yield within less than 5 min from a hardwood lignin that was treated
with NaOH at 300 oC in water, but at longer times the yield dramatically decreased due to
repolymerization.73

Scheme 1. 8 Cleavage of -aryl ether bonds in phenolic models76, 79
(2) -aryl ether bonds in nonphenolic models that possess free alcoholic OH groups
in the -position of the aliphatic side chain, as shown in Scheme 1.9.
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Scheme 1. 9 Cleavage of -aryl ether bond in nonphenolic models
Conventional strategies in depolymerization of lignin can not deconstruct more robust
linkages other than -O-4 linkages further. Additional tactics, including less-traditional
chemical processing (i.e. mechanochemical) is needed in depolymerization of lignin as
breaking the most abundant -O-4 linkages does not guarantee success in breaking other
linkages. In order to achieve more reaction sites and higher monomer yield, combination of
mechanical pre-treatment and chemical processes comes to sight. Recently, researchers
combined base-catalyzed lignin degradation strategies and mechanical processing together
which can improve generation of monomeric chemicals and oligomers. Details about
mechanochemical process of lignin are discussed below.

1.4.4 Mechanochemical treatment of lignin
Due to its nature as a complex three-dimensional amorphous polymer, the isolation
and extraction of lignin from raw biomass as well as subsequent conversion into valuable
chemicals is a significant challenge.80
Pre-treatment to isolate the primary components from biomass is essential in
biorefinery operations.8 Mechanical milling is an effective pre-treatment method for
lignocellulosic materials and can increase the efficiency of enzymatic hydrolysis81 and
maximize lignin extraction;82 this is due to reduction of particle size83 and crystallinity,84 as
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well as to the disruption of cell walls.85 Extraction of ball-milled lignin in neutral solutions
(water/dioxane, 1/9 v/v) was developed by Björkman86 and milled wood lignin (MWL) is
considered to represent the intact lignin. This is because the extraction can be conducted
under mild conditions and in neutral solutions, although issues such as possible
depolymerization and low extraction yield still exist.87 It should be noticed that more phenolic
hydroxyls are generated after ball milling and these eventually contribute to the growth of carbonyl content due to side-chain oxidation.88 Ikeda and co-workers reported that more
structure changes were taking place in a vibratory ball mill within solvent-free system while
fewer changes in lignin structure occur when toluene was used as a solvent.89
Chemical modification of lignin itself during the milling process has been observed,
including the growth of carbonyl and phenolic hydroxyl content, cleavage of -O-4 linkages,
and reduction of molecular weight.82, 85, 90, 91 For example, Qu92 demonstrated that wet ballmilling can dramatically decrease the polydispersity and increase the phenolic hydroxyl
content. High yields of lignin degradation products have been obtained by using a
combination of mechanical and chemical pre-treatment.93 A combination of ball-milling with
enzymatic and mild acid hydrolysis can increase the isolated yield of lignin up to 50% (w/w)
but the required milling time can be quite prolonged (25 days).85 Other reports have employed
milling times from 5 hours90 to as much as 20 hours.94 It has been reported that milling in the
presence of strong bases can effectively cleave the common -O-4 ether bonds in harsh
conditions.74, 95 Indeed, the addition of a solid base, such as NaOH into the milling progress
has proven to significantly increase the yield of monomeric products. Cleavage of 76% of the
-O-4 linkages occurred during the ball-milling process (12h) in the presence of NaOH.96 In
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this case, though guaiacol can be isolated in relatively good yields, a host of unidentified byproducts formed when model compounds with propyl chains were treated under this
mechanochemical process.
Ball milling, the typical technique in mechanochemical processing of lignin, is
generally associated with high energy cost. It has been demonstrated that with growth of
biomass scale (from 1g to 1000g), energy cost per kg will drop dramatically, indicating that
ball mills can be potentially suitable on an industry scale.97
Utilization of lignin-derived monomeric products such as phenols, aromatic acids and
other oligomers have been reported in many areas.98 These products possess a broad range of
bioactivities which have been used in discovery of Pharmaceuticals.98 Pharmaceuticals are
value-added products from lignin while requirement of substantial synthetic work are unlikely
to use up the potential large supply of lignin products. On the other hand, usage of these
products as fuels are low value, but they can be consumed in very large volume. Degradation
of lignin into lower molecular weight, more soluble phenolic compounds requires significant
energy. Methods and applications that employ lignin as a sustainable source to create new
products with minimal further additional processing or deconstructing will be both
environmentally and economic attractive. The large number of aliphatic and phenolic OH’s
components in lignin could serve as linkers in producing lignin-based macromonomers. In
practice, lignin has been introduced into polyesters, polyurethanes and epoxide resins as a
macromonomer.10
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1.5 Lignin as a building block to create polymers

The rigidity of the aromatic units in lignin can help improve stiffness of lignin-based
polyurethanes. In addition, functionalized lignin has been used in the preparation of new
materials as well; not only more functionalities and reactive sites could be generated but also
make the original poorly-accessible reactive sites more accessible. For example, Duong and
co-workers synthesized a polyurethane using kraft lignin as a reactant, and produced a
material with a high molecular weight (up to 912,000 g/mol) in only 3 hours (see Scheme
1.10).99 Xue employed up to about 39 wt% lignin in the synthesis of a series of lignin-based
polyurethane foams.100 Lewis acid catalysed demethylation of methoxy groups - a simple
functionalization approach - was achieved by Chung and co-workers.101 An average of 28%
more OH groups were generated and the cross-link density of the resulting polyurethane was
significantly improved by using the demethylated lignin.

Scheme 1. 10 Schematic preparation of polyurethane from lignin
In addition to the synthesis of polyurethanes, many lignin-based polyesters were
reported.10 For example Binh and co-workers synthesized polyesters that had a Tg of 70 oC
and molecular weights of 39,000 g/mol under basic conditions via condensation of kraft
lignin and sebacoyl chloride (Scheme 1.11).102
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Scheme 1. 11 Synthesis of polyester from kraft lignin and sebacoyl chloride under basic
conditions
Among all of the lignin-based macromonomers, lignin-based epoxide resins are very
interesting. Epoxy resins have been widely used as structural adhesives, protective coatings,
composite materials, and in other areas due to their excellent thermal stability and mechanical
performance. Bisphenol A (BPA) is the most common used building block in the epoxy resin
industry103 but recently concerns of potential toxicity associated with BPA has limited its
application since BPA is suspected to be an endocrine disruptor104 and exposure can increase
incidence of obesity, heart disease, diabetes and other diseases.105 Therefore, replacement of
BPA-based epoxy resins with other monomers, especially from sustainable and renewable
resources (such as lignin) is strongly desired, as the current production of BPA heavily relies
on petroleum-derived products.106 Structures of BPA and bisphenol A diglycidyl ether
(BADGE) were shown in Figure 1.7.

Figure 1. 7 Structures of BPA and BADGE
Engelmann and co-workers employed 1,3-glycerol diglycidyl ether along with up to
50wt% lignin in synthesis of a series of epoxide resins.107 The resulting resins with high wt%
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of lignin content behaves more thermally stable than those prepared from pyrogallol. No
epoxide groups exist in native lignin so lignin cannot behave as a sole cross-linker in resin
synthesis; therefore, the system usually requires addition of another cross-linking reagent.
Epoxide groups are usually introduced either directly into lignin molecular structures, or into
the macromonomeric structures to create better desirable epoxide resins. Epichlorohydrin is
widely used in introduction of epoxide groups in lignin under basic conditions (Scheme
1.12).10

Scheme 1. 12 Introduction of epoxide groups in lignin by using epichlorohydrin
Over and co-workers prepared epoxy thermosets consisting of up to 42wt%
organosolv lignin, and the resulting resin had higher cross-linking density, increased stiffness
and Tg when content of lignin located between 8%-33wt%, compared to non-lignin based
polymers.108 In addition, increasing hydroxy content (generally phenolic moieties) can
significantly improve the degree of epoxidation.10
From our survey of the literature it is clear that lignin is used in small fractions, at
best, in preparation of these polymers and the bulk of the material still comes from petroleumderived chemicals. Limitations of applications of lignin without degradation are also obvious,
as properties of formed materials may depend on the source of lignin and extraction
progress.109
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1.6 Lignin-derived aromatics as building blocks for epoxy resins

Low molecular weight compounds (generally are well-known phenolic compounds)
generated from mild lignin degradation methodologies can usually retain aromaticity and
other functionalities, which could be utilized to synthesize materials that possess valuable
properties such as structural rigidity or thermal stability. A plethora of low molecular weight
aromatic chemicals can be obtained from lignin deconstruction, but usually in relatively small
quantities. Currently, vanillin is the only lignin-derived aromatic chemical that can be
produced on industrial scale, so at this time only lignin-to-vanillin derived chemicals (i.e.
vanillic acid and vanillic alcohol) can be potentially commercialized. Though 85% of vanillin
is still produced from petroleum, lignin-derived vanillin

contributes 15% of the whole

production.110
Vanillin and its derivatives are employed in synthesis of different kinds of polymers.
For instance, Fache111 developed 22 derivatives of vanillin that carry epoxide, allyl,
carboxylic acid, alcohol and amine moieties for the synthesis of polyurethane, polyester and
epoxy resins. In particular, three biobased non-aliphatic amine-functionalized derivatives that
each bear two reactive primary amine groups are of great potential in epoxy synthesis (Figure
1.8). Additionally, another set of phenolic aromatic monomers were first pre-treated with
Dakin oxidation to improve their phenolic functionality and converted into epoxides with
epichlorohydrin subsequently.112 Zhao and co-workers employed vanillin and other ligninderived aldehydes (para-hydroxybenzaldehyde, syringaldehyde) and guaiacols in synthesis of
triphenylmethane-type polyphenols (Scheme 1.13).113 Treated those polyphenols with
epichlorohydrin yielded mono, tri and penta-epoxy products. Epoxy thermosets from these
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glycidyl ethers exhibited outstanding Tg (167 oC) and glassy modulus (12.3 Gpa). In this work
demethylation was conducted first to generate more reactive sites. Aouf and co-workers
reported that vanillic acid was allylated with allyl bromide, and epoxide groups were
introduced with epoxidation of the allylic double bonds with m-CPBA instead of employing
epichlorohydrin in the synthetic process.114 By carefully controlling the ratio of oxidant and
double bonds, a set of mono, di, tri and penta-epoxidized products were obtained.

Figure 1. 8 Amine-functionalized derivatives from vanillin

Scheme 1. 13 Synthesis route of fully renewable triphenylmethane-type polyphenols and
corresponding polymers
1.7 Motivation of our work

Our overall goal is to investigate different approaches (primarily oxidative, acid/base
catalyzed approaches) to deconstruct the complex lignin polymer to produce small high-value
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aromatic compounds such as substituted phenols, vanillin, vanillic acids, and other
compounds, and then to demonstrate that some of these products can be as building blocks for
commercially important polymers, specifically in epoxy resins. Deconstructing lignin through
a 2-step oxidation approach will be discussed in chapter 2 and 3. Utilization of lignin products
as replacements for some of the components in a commercial epoxy resin system will be
discussed in chapter 4.
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Chapter 2. Cleavage of -1 and -5 Lignin Model Compounds via oxidation and other approaches

Disclaimer: Portions of this chapter were taken from the following paper:
Z. Fang and M. S. Meier. Toward the oxidative deconstruction of lignin: oxidation of β-1 and
β-5 linkages. Org. Biomol. Chem., 2018, 16, 2330-2341.
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2.1 Introduction

Oxidation is an attractive technique to isolate aromatics from lignin biomass since
plenty of hydroxyl groups are present in the lignin polymer, as indicated in Figure 1.5. We are
specifically interested in the possibility of cleavage of the C-C bond through a two-step
oxidation process, starting with oxidation of the benzylic alcohols to ketones and following
with Baeyer-Villiger oxidation of the resulting ketones to produce esters. Products with
reduced molecular weights, or oligomers that are small enough for refining to high-value
chemicals, can be obtained from hydrolysis of the resulting esters. A schematic approach is
shown in Scheme 2.1.

Scheme 2. 1 The two-step oxidation strategy to deconstruct lignin
Other types of C-C linkages, such as the -1 and -5 linkages, should also be targets
of interest since they constitute significant portions in lignin biomass (see Table 1.1).
Successful cleavage of the C-C bond in the β-O-4 linkage from our previous study115
stimulates us to focus on the same two-step oxidation process in -1 and -5 linkages
(Scheme 2.2).

Scheme 2. 2 Cleavage of -O-4 model compounds via the two-step oxidative approach
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The motivation behind this project was not to produce optimized procedures for a
given lignin linkage, since such optimized procedures would not be useful in the
deconstruction of lignin which contains many different kinds of linkages. We applied the
same procedures that had been established for the common -O-4 linkage and asked the
question “under these conditions, what happens to the -1 and -5 linkages that are inevitably
present in lignin?”. We set out to determine the outcomes by applying DDQ-based, TEMPObased and other several catalytic aerobic catalytic systems with our -1 and -5 models in
conventional organic solvents, as well as to determine the compatibility of unprotected
phenolic hydroxyl groups during oxidation with these systems. If necessary, undesired
reactions involving phenols may compel us to investigate different oxidation systems.
Stoichiometric amounts of powerful oxidants such as KMnO4 and Co(III) were examined in
the oxidative systems as well to establish the common oxidative products from the -1 and 5 linkages. We also explored the possibility of opening the dihydrofuran ring in -5 linkages,
since cleavage of the C-O-Caryl ether bond in -5 linkages affords compounds that have -1
linkages (Scheme 2.3). Corresponding -1 linkages tend to be more labile and fragile than the
-5 linkages under those oxidative conditions. The types and yields of resulting products will
give us ideas in further development of oxidative cleavage approaches.

Scheme 2. 3 Cleavage of the C-O-Caryl ether bond in -5 linkages
As mentioned in Chapter 1, lignin is an amorphous polymer produced by the enzymemediated phenoxyl radical coupling polymerization of three different lignol monomers,
28

resulting in a complex crosslinked-structure.10, 116 -O-4 Linkages (Figure 2.1) are the most
common linkages between monolignols, comprising almost half of the linkages in lignin20
(~46% in softwood lignin and ~60% in hardwood lignin)22. Cleavage of -O-4 linkages has
drawn a great deal of attention as a way to disassemble lignin because of their frequency and
fragility. It has been suggested that most -ethers are destroyed during lignin processing
and/or isolation - for example the -O-4 content is very low after the kraft process.117
Crosslinking nature of lignin would mandate that many linkages be broken for
monomers to be liberated. In practice, breaking -O-4 linkages does not liberate large
quantities of monomers, indicating that conditions optimized for cleaving this specific linkage
do not cleave all other linkages. These other types of linkages, such as -1 and -5 linkages,
should be of interest since they constitute significant portions of lignin biomass. These two
linkages contribute 7-9% and 9-12% in lignin, respectively, depending on processing methods
and lignin sources.8 Rather than involving an ether linkage, in -1 and -5 linkages the two
aromatic units are linked via a two-carbon bridge (see Figure 2.1).
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Figure 2. 1 Structures of -O-4, -1 and -5 linkages
Model compounds containing the linkages that found in real lignin are important to
use in the development of lignin valorization due to the complicated and heterogeneous nature
of lignin. The low molecular weight and simple structures of lignin model compounds makes
the analysis and characterization of products obtained from their reactions relatively easy.8 29

O-4 linkages model compounds and reactions based on the functional groups and their
reactivity in these compounds have been studied and reported in numerous literature reports
(i.e. Crestini,118 Amen-Chen,119 Kim,120 etc) since -O-4 is the most abundant linkage in
lignin. Patil121 in our group has demonstrated that cleavage of C-C bond in β-O-4 model
compounds can be achieved via a two-step oxidation process by applying aerobic DDQ and
TEMPO-based catalytic oxidations to the benzylic alcohol, followed with a Baeyer-Villiger
oxidation. Potentially useful aromatic compounds can be obtained through hydrolysis of the
resulting ester.
To study the chemistry of the -1 and -5 linkages we prepared four model
compounds, including -1 models (1,2-diaryl-1,3-propanediols) II-1 and II-2 and -5 models
(phenylcoumarans) II-3 and II-4 (see Figure 2.2). Hydroxyl groups are introduced in and
positions in -1 model compounds II-1 and II-2 to compare the compatibility and
selectivity with various oxidation conditions, wherein electron-donating methoxy groups on
the aromatic rings can enhance the probability of oxidations. In addition, the free phenolic
hydroxyl groups (abundant in real lignin) in II-2 and II-4 can test the compatibility with
diverse oxidants and other reagents. We investigated how these model compounds behave not
only under oxidative systems and but also other conditions such as strong acidic and alkaline
conditions.
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Figure 2. 2 Structures of -1 and -5 model compounds
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2.2 Results and Discussion

2.2.1 Preparation of lignin model compounds
Preparation of -1 model compounds II-1 and II-2 followed the methods reported by
Cho.122 Aldol condensation of ester II-5 with aldehyde II-6 produced ester II-7, which was
reduced with LiAlH4 to give II-1 (R2=OCH3) and II-2 (R2=OH) (see Scheme 2.4).

Scheme 2. 4 Preparation of II-1 and II-2
Following the method of Brunow,123 compounds II-3 and II-4, models for the -5
linkage, were prepared by aldol condensation between o-vanillin and acetophenone II-8 to
produce chalcone II-9. After protection of the phenolic hydroxyl, epoxide II-10 was formed
by treatment with H2O2 in a phase-transfer system. 1,3-propanediol II-11 was obtained by
rearrangement of epoxide II-10 with boron trifluoride diethyl etherate and subsequent NaBH4
reduction. Palladium-catalyzed debenzylation with H2 and acid-catalyzed ring closure
produced II-3 and II-4 (see Scheme 2.5).
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Scheme 2. 5 Preparation of II-3 and II-4
2.2.2 Oxidative Cleavage of Lignin Models II-1 - II-4
Oxidation of alcohols into carbonyl compounds is one of the most important
conversions in organic synthesis,124 while selective oxidation of the benzylic alcohols into
ketones is extremely essential in decomposition of lignin. Stoichiometric amounts of
traditional oxidants like PCC125,126 or MnO2127 have been used, but the spectre of production
of large environmental harmful toxic waste128 has precluded their applications in lignin
degradation. Realizing oxygen is the most economic and readily available oxidant, oxidation
of lignin by using gaseous oxygen and catalysts becomes more promising. While oxidations
without catalysts are less selective and can potentially lead to over-oxidation,129 therefore we
might investigate stoichiometric reactions in an effort to find effective chemistry, and finally
utilization of a catalytic system with O2 as the ultimate oxidant is essential.
Using oxygen as an abundant, cheap oxidant, many transition metal catalysts have
been reported130-132 to achieve the aerobic catalytic oxidation of alcohols under oxygen
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atmosphere. Usage of expensive transitional metals such as Pd, Au, and Ru as well as
dependence on complex ligands43 makes such methods less attractive. Therefore, the
investigation of effective, metal-free catalysts to accomplish oxidations of alcohols with
molecular oxygen in mild conditions is extremely meaningful and attractive.
These three linkages (-O-4, -1 and -5) can behave differently under the same
oxidative conditions. For example, catalytic vanadium oxidative cleavage methods are highly
efficient for -O-4 linkages but ineffective for cleavage of -1 linkages.133 Sedai134 reported
copper and vanadium-catalyzed aerobic oxidations of a 1:1 mixture of -1 and -O-4 models
and determined that vanadium-catalyzed oxidation of the -O-4 model was slightly faster
than oxidation of the -1 model while with the copper catalyst, oxidation of -1 model was
faster than oxidation of the -O-4 model.
Therefore, we examined the effect of established -O-4 oxidation strategies on the
more robust -1 and -5 linkages, in an effort to understand how these structures respond
under oxidative conditions proposed for lignin deconstruction based on their effect on -O-4
linkages. We investigated the yields and selectivities of these oxidation methods on -1 and
-5 linkages, using both stoichiometric and catalytic systems that have been previously
applied to other linkages. Thus, we performed oxidations under conditions used previously so
that the relative reactivity of the different linkages can be compared. Accordingly, product
yields are not fully optimized for -1 and -5 linkages but the results shed light on what may
happen to these linkages in lignin under conditions optimized for reaction of the more
common -O-4 linkages.
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a) Stoichiometric oxidations of II-1 - II-4
2.2.2.1 KMnO4 Oxidation of II-1 - II-4
With models II-1 - II-4 in hand we examined the oxidation of these compounds
under conventional stoichiometric oxidation conditions. We began with oxidation using
KMnO4, as this reagent has been used for oxidative degradation and analysis of different
lignins.135 In these analyses, monomeric benzoic acids are produced, providing the ratio of
monolignols in the lignin. When II-1 was treated with KMnO4 under acidic conditions, the
expected benzoic acid II-12 was the major product (85%). Oxidation of II-2 produced
benzoic acid II-12 (15 %) and benzaldehyde II-13 (12%) as well as material that was not
chromatographically mobile, which we suspect is the result of phenolic oxidative coupling.136
We did not detect vanillic acid (II-14) after running at 120 oC for 19h, consistent with
oxidative polymerization of the unprotected phenol in II-2 and in products derived from the
phenolic ring of II-2 (see Scheme 2.6).

Scheme 2. 6 KMnO4 oxidation of II-1 and II-2
When carried out on -5 model II-3, KMnO4 oxidation produced acid II-12 (19%)
and aldehyde II-13 (17%), as well as II-15 (12%), a -1 structure that was determined NMR
(including HMBC experiments). A trace amount of aldehyde II-16 was also isolated (see
Scheme 2.7).
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Scheme 2. 7 KMnO4 oxidation of II-3
As with the oxidation of II-2, KMnO4 oxidation of II-4 (which bears an unprotected
phenolic hydroxyl) resulted in the formation of chromatographically immobile material,
which we believe to be the polymeric products of phenolic oxidative coupling. No small
molecule products were observed.
2.2.2.2 Co(OAc)3 Oxidation of II-1 - II-4
Stoichiometric and catalytic oxidation of -1 and -O-4 lignin model compounds
with Co(OAc)3 have been reported by DiCosimo.137 Oxidation of dihydroanisoin II-17 and of
1,2-bis(4-methoxyphenyl) propane-1,3-diol II-18 with stoichiometric amounts of Co(III)
acetate produced anisaldehyde by cleavage of the C-C bond (Scheme 2.8) via a single
electron transfer oxidation progress, but only acid-catalyzed dehydration occurred under
catalytic conditions.
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Scheme 2. 8 Examples of oxidations of -1 models using stoichiometric amounts (2 eq.) of
Co(III), reported by Cosimo137
Co(III)-based homogeneous oxidation catalysts are often synthesized by in situ
oxidation of commercially available Co(II) compounds.138 In our hands, oxidation of II-1
with stoichiometric amounts of Co(OAc)2 under one atmosphere of O2 produced aldehyde II13 in 82% yield. Oxidation of II-2 was more complicated, as stilbene II-19 (9%) and
diacetate II-20 (2%) were isolated, in addition to acetates II-21 (28%) and II-22 (7%) (see
Scheme 2.9). The -5 models II-3 and II-4 proved largely resistant to oxidation under these
conditions, simply producing the -acetates II-23 from II-3 (88%) and II-24 from II-4 (70%),
with no apparent oxidation in either case (see Figure 2.3).

Scheme 2. 9 Co(OAc)2/O2 oxidation of II-2
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Figure 2. 3 Structures of -acetates 23 and 24
b) Catalytic oxidations of II-1 - II-4
Utilization of waste lignin as a source of value-added materials, such as fuels and
feedstock chemicals, requires very inexpensive treatment methods. Consumption of reagents
in stoichiometric oxidations is unlikely to be cost-effective, so the development of catalytic
methods that rely on O2 as the only consumed oxidant is essential.
2.2.2.3 DDQ oxidation of II-1 - II-4
Oxidations of alcohols by applying catalytic amounts of DDQ (0.2 eq.) with
Mn(OAc)3 as co-oxidant (6 eq.) in dichloromethane at 22 oC was reported by Cosner,139 but
large amounts of byproducts were produced as well due to the large amount of Mn(OAc)3
used. Adhering to the strategy to avoid using metal-related oxidants but using abundant
inexpensive oxygen as the ultimate oxidant, Shen140 and coworkers reported a DDQ/tert-butyl
nitrite catalyst system that can effectively oxidize alcohols to corresponding ketones at 80 oC
in DCE under 0.2 MPa O2. Zhang141 reported that oxidative dehydrogenation of 9,10-dihydroanthracene to anthracene can be achieved by applying catalytic metal-free DDQ/NaNO2
system in the presence of O2. In this report, NaNO2 is used as a shuttle between oxygen and
DDQH, as shown in Scheme 2.10.
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Scheme 2. 10 A proposed catalytic cycle for oxidative dehydrogenation of 9,10dihydroanthracene to anthracene
However, stoichiometric or even excess amounts of DDQ have to be used142 which
increases the concern for cost and purification issues due to the formation of byproduct
DDHQ. Wang43 reported that alcohols can be oxidized to corresponding ketones at room
temperature, with yields up to 97%, by use of a catalytic amount of DDQ in the presence of
AcOH with NaNO2 as a co-catalyst and O2 as the ultimate oxidant. AcOH catalyses the
decomposition143 of NaNO2 to NO and therefore is crucial to the catalytic cycle. Recently,
investigation of reactivity of -O-4, - and Hibbert’s ketones (keto-containing structures
formed in acidolysis of lignin) in birch lignin under both stoichiometric and catalytic DDQ
oxidation systems has been reported,144 and results from HSQC NMR spectra suggested that
as increasing amounts of DDQ were used a significant number of the benzylic hydroxyl
groups of the -O-4 linkages were oxidized.
In earlier work, we found that under the DDQ/NaNO2/AcOH system, oxidations of
-O-4 models proceeded in low yields in a standard reaction time of 19 hours and in all cases,
the bulk of the starting materials were recovered unchanged.115 In contrast, the benzylic
hydroxyl groups in -1 model compounds II-1 and II-2 were selectively oxidized to the
corresponding ketones in high yields in the same 19 hour reaction time, and it is particularly
notable that clean oxidation of compound II-2 was achieved in 84% yield (see Scheme 2.11).
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The presence of the unprotected phenolic hydroxyl in II-2 is problematic in the TEMPObased oxidations (see below). Chromatographically immobile material was not observed in
DDQ-catalyzed reactions, suggesting that polymerization did not occur with this oxidation
system.

Scheme 2. 11 DDQ oxidation of II-1 and II-2
Not surprisingly, benzofuran derivatives were produced from oxidations of
compounds II-3 and II-4 with DDQ-based oxidations. In DDQ oxidations of compound II-3
we found that further oxidation of the -hydroxyl also occurs; producing aldehyde II-16 in 56%
yield along with benzofuran alcohol II-27 in only 18% yield. The hydroxyl group in
compound II-4 remained unaffected under these oxidation conditions, and 43% of starting
material II-4 was recovered (see Scheme 2.12).

Scheme 2. 12 DDQ oxidation of II-3 and II-4
Compatibility with unprotected phenols is a highly desirable characteristic of the
DDQ oxidation of II-2, which produced ketone II-26 in high yield without any phenolic

39

oxidative coupling products, suggesting that the oxidation proceeded without generation of a
phenolic radical.
2.2.2.4 Vanadium-catalyzed oxidation of II-1 - II-4
Aerobic oxidations of benzylic alcohols,145, 146 phenols147 and diols148 by vanadium
complexes have been reported. Son,149 Hanson150 and Chan151 reported vanadium-catalyzed
oxidation of -O-4 lignin models, in which elimination products as well as benzylic alcohol
oxidation products, were observed (see Scheme 2.13). Hanson and co-workers reported that
oxidation of phenolic -O-4 lignin models with a combination of 0.1 eq. of NEt3 and
vanadium complexes at 80 oC afforded unexpected C(phenyl)-C(alkyl) cleavage products.150

Scheme 2. 13 C-O Bond cleavage and benzylic alcohol oxidation using catalytic VO(acac)2
reported by Son149
Ma152 has reported an acetic acid promoted oxidative C-C bond cleavage of a -O-4
model catalyzed by commercial available VO(acac)2 using molecular oxygen as ultimate
oxidant (Scheme 2.14).
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Scheme 2. 14 Acid-promoted oxidation of a -O-4 model with catalytic VO(acac)2 reported
by Ma152
Application of the VO(acac)2/O2 oxidation system to the oxidation of nonphenolic -1
model II-1 gave C-C bond cleavage products II-12 (19%) and II-13 (31%), along with
diketone II-29 (4%) (see Figure 2.4), and 56% recovered II-1. Prolonging the reaction time
did not increase the yield of C-C cleavage products.

Figure 2. 4 Vanadium oxidation products from II-1
Chromatographically immobile materials were the major products formed from
VO(acac)2/O2 oxidation of phenolic model II-2, along with small amounts of acid II-12
(trace), aldehyde II-13 (4%), vanillin (5.4%), and 25% recovered starting material. Little
evidence of reaction was observed when nonphenolic -5 model II-3 was treated under same
conditions, even when the mixture was stirred at 100 oC for 48h.
Interestingly, when II-4 (which, like II-2, has an unprotected phenol) was treated
with VO(acac)2/O2, no chromatographically immobile products were observed. Other than
recovered starting material, the only identifiable products resulted from acetylation of the
phenolic hydroxyl group (3%) and trace amount of aromatization of II-4 to produce 2, 3dihydrobenzofuran derivative II-28.
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2.2.2.5 TEMPO oxidation of II-1 - II-4
Liu153 has reported oxidations of benzylic alcohols to corresponding ketones in high
yield within 2h by applying a TEMPO/Br2/NaNO2 system with 0.4 MPa air at 80 oC in DCM,
wherein NO (generated from NaNO2) is critical to activate molecular oxygen. However,
bromination of the aromatic rings occurred when this method was applied to highly electronrich compounds. In order to avoid using hazardous Br2 directly, a revised approach was
reported by Xie154 from the same group by using TEMPO/HBr/ tert-Butyl nitrite (which acts
as a source of NO) system with 0.6 MPa O2 at 80 oC. Recently, Wang49 introduced
hydrochloric acid into the NaNO2/TEMPO system, and alcohol oxidations were observed in
extremely high conversion yield and selectivity at room temperature with an O2 balloon. In
this work, they assumed that H+ was donated to NaNO2 to produce NO and oxidizing species
such as NOCl was generated from the reaction of halide anions with NO2, wherein NOCl
promoted the oxidation155, 156 of TEMPO/TEMPOH to TEMPO+, as shown in Scheme 2.15.
Selectively oxidation of the benzylic hydroxyl in a -O-4 lignin model by applying this
methodology was reported by Rahimi,51 wherein -hydroxy group remained unaffected, and
carbon-carbon bond was cleaved with a subsequent oxidation, as shown in Scheme 2.16. This
result also stimulates our interest to investigate the oxidation on -1 and -5 models since alcohols also exist in these models.
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Scheme 2. 15 Proposed mechanism for TEMPO/HCl/NaNO2-catalyzed aerobic oxidation of
alcohols

Scheme 2. 16 Selective alcohol oxidation of lignin model compounds
Aerobic oxidation of lignin -O-4 model compounds with a Cu(I)-TEMPO system
have been reported by number of groups51, 157-162 and these reactions resulted in C-O and C-C
bond cleavage products. A Fe(NO3)3/TEMPO system163 was used to catalyze aerobic
oxidation of alcohols to aldehydes/ketones and benzylic alcohol oxidation was obtained in 78%
yield in -O-4 lignin models.51 Sedai134 also reported aerobic oxidation of phenolic and nonphenolic -1 lignin models with a CuOTf/TEMPO catalytic system, wherein C-C cleavage
products were observed. These results are particularly significant, because in our hands,115
oxidation of lignin models with unprotected phenolic hydroxyl groups produced significant
amounts of chromatographically immobile products.
A variety of different TEMPO-based oxidation systems have been developed, in
which different cocatalysts are employed. To enable a direct comparison between these
different systems, we compared the yields of oxidation products at a standard reaction time of
19 hours.
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The benzylic hydroxyl group in II-1 was selectively oxidized to ketone II-25 under
NaNO2/HCl/TEMPO system and we again isolated the unexpected 1,2-diketone product II-29
in 12% yield. A small amount of 1,2-diketone II-29 (see Scheme 2.17) was isolated when II1 was treated with VO(acac)2/O2 as well. Diketone II-29 could result from one of several
pathways, including benzylic oxidation of II-30 (see Scheme 2.17), which is the retro-aldol
condensation product of II-25. An authentic sample of II-30 was prepared by acylation of
veratrole with dimethoxyphenylacetic acid, and then subjected to TEMPO/O2/HCl/NaNO2
oxidation and to VO(acac)2/O2 oxidation, but neither of these reactions produced II-29.
Accordingly, we suspect that II-29 results from autoxidation of the benzylic C-H in II-25,
followed by the loss of CH2O and water (see Scheme 2.17). This hypothesis was supported
by the observation that exposing II-25 to the NaNO2/HCl/TEMPO oxidation system resulted
in formation of II-29. Oxidation of II-1 afforded acid II-12 (27%), aldehyde II-13 (75%) and
diketone II-29 (19%) when treated with a CuCl/TEMPO/O2 system, while ketone II-25 (46%)
and aldehyde II-13 (31%) were the only products observed when II-1 was treated with the
Fe(NO3)3/TEMPO/O2 system (see Table 2.1).

Scheme 2.17 Possible routes to produce II-29 from the autoxidation product of II-25
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Table 2. 1 TEMPO-based oxidation of II-1
II-12 II-13 II-25 II-29

All

TEMPO, O2, HCl/NaNO2

0%

0%

46%

12%

TEMPO, O2/Fe(NO3)3

0%

31%

46%

0%

TEMPO, O2/CuCl

27%

75%

0%

19%

model

II-3

produced

TEMPO-based

oxidations

of

-5

benzofuran

carboxaldehyde II-16, with few other minor side products. Of the three methods we examined,
the TEMPO/O2/NaNO2/HCl method was the most efficient, producing a 50% yield of II-16
after the standard reaction time. The other methods did not produce above a 16% yield of II16 after the same reaction time.
We find that TEMPO-based oxidations are generally not compatible with unprotected
phenolic hydroxyls. In all TEMPO-based oxidations of II-4, we only obtained
chromatographically immobile material, again presumably polymer. In reactions of II-2, we
obtained immobile material in most cases, although small amounts of acid II-12, aldehyde II13 and ketone II-26 were observed (see Table 2.2). It is notable that more C-C bond cleavage
products acid II-12 and aldehyde II-13 were produced by the CuCl/TEMPO/O2 system than
by the other two systems, suggesting that Cu(I)/O2 is an active oxidant of II-2 and does more
than just reoxidize TEMPO.
Table 2. 2 TEMPO oxidation of II-2
II-12

II-13

II-26

TEMPO, O2, HCl/NaNO2

0%

0%

0%

TEMPO, O2/Fe(NO3)3

0%

trace

16%

TEMPO, O2/CuCl

19%

11%

19%
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2.2.2.6 TPPFeCl/t-BuOOH Oxidation of II-1 - II-4
We previous found that the benzylic OH in the -O-4 model II-31 was oxidized to
corresponding ketone II-32 with a porphyrin/t-BuOOH oxidation system164 but under same
conditions we find that C-C bond cleavage dominated in the oxidation of the nonphenolic -1
model II-1. The primary products of this reaction were 3,4-dimethoxybenzoic acid II-12
(15%) and 3,4-dimethoxybenzaldehyde II-13 (50%). Only 8% of the corresponding ketone
II-25 was formed, and 11% of starting material was recovered. The same porphyrin-based
oxidation of the nonphenolic -5 model II-3 generated a 22% yield of aromatized aldehyde
II-16, a 3% yield of alcohol II-27, and surprisingly a 16% yield of 3,4-dimethoxy
benzaldehyde II-13 was obtained, resulting from opening of the dihydrofuran ring. Starting
material II-3 (28%) was also recovered (Scheme 2.18).
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Scheme 2. 18 Porphyrin oxidations of -O-4, -1 and -5 models
Oxidative coupling reactions usually occur due to a large amount of free phenols
existing in the lignin polymer, causing formation of char or other insoluble components.
Therefore, searching for other strategies that can produce simple aromatics under mild
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conditions is also significant. Considering the dominant C-O-C linkages and unprotected
phenolic hydroxyl groups in lignin, acid-catalyzed and base-catalyzed decomposition should
be notable. Thus, we selectively treated specific model compound II-3 under acid conditions
and II-4 under alkaline conditions to investigate how they behave under these treatments.

2.2.3 Acid-catalyzed Cleavage of Model Compound II-3
Strong acids with a nucleophilic conjugate base are capable of cleaving ethers.165
Given the frequency of ether linkages in lignin, we wanted to see how strong acids affect the
ethers in models for the -5 linkage. We know that ring-opening of epoxy compounds
involves protonating the ether and nucleophilic attacking on the adjacent carbon to this
protonated ether. Hydrobromic acid is a notable option because it is a proton-donating source
and nucleophile.
Boovanahalli165 reported cleavage of 2,3-dihydrobenzofuran with hydrobromic acid
in an ionic liquid solvent, although in low isolated yield. Prolonged heating did not increase
the yield but did increase the formation of byproducts. Ionic liquids can be used as effective
solvents, but they are expensive and hard to remove from the mixture. Therefore, in our
experiments we used DCE instead of ionic liquids.
Treatment of II-3 with HBr produced benzofuran II-33 in 12.5% yield, as well as
multiple byproducts. These byproducts may be formed as a result of cleavage of one or more
of the methoxy groups, but none of these products have been identified. Prolonged heating
did not improve yield of II-33. Ring-opened products were not present in significant amounts
in the mixture, possibly because the intramolecular 5-member ring-closure (the reverse
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reaction) preferred to occur due to tautomerization. A possible mechanism for the formation
of II-33 is shown in Scheme 2.19.

Scheme 2. 19 Proposed mechanism of formation of II-33
2.2.4 Basic-catalyzed Cleavage of Model Compound II-4
Hydrolysis of lignin in basic conditions usually generates relatively simple aromatics
under mild conditions although in low yield.16 Cleavage of ether bonds is an attractive and
common approach in lignin decomposition, utilizing commercially available, inexpensive
bases such as KOH and NaOH. Organic bases such as TBD (1,5,7-triazabicyclo[4.4.0]dec-5ene) has also been used, in combination of an ionic liquid ([BDMIm]Cl), for delignification
of lignin,79 a process wherein over 40% of the -O-4 ether bonds were cleaved.
Repolymerization issues should be considered in delignification process; therefore,
inhibition of the repolymerization reactions is one of the key challenges in generation of
mononuclear aromatic products from lignin. Introduction of capping reagents such as boric
acid and phenol, which capture reactive species, have been reported73, 166, 167 to solve this
problem. Other approaches such as application of more selective catalysts in base-catalyzed
hydrolysis168, 169 has also been helpful. Though base-catalyzed deconstruction of lignin models
can produce monomeric products in reasonable yields, we should notice that native lignin is
extremely difficult to isolate from biomass22 due to the complex physical and chemical
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interactions between lignin and other compositions of plants, which makes it very hard to
study the chemistry of these linkages when applying those same base-catalyzed systems to
lignin itself.
When -5 models that bear a phenolic hydroxyl are treated with base, the 2, 3dihydrobenzofuran ring can be opened to a quinone methide intermediate. John170 reported
that a cyclization of this intermediate, a process that would re-aromatize the A-ring, is more
favorable than elimination of a -proton, so the ring-opening product (a stilbene) is a minor
product. The presence of electron-withdrawing group in the  position, an ester group
(compound II-34) in John’s case,170 favors the elimination of the -proton resulting in the
aromatization of the A-ring (showed in Scheme 2.20).

Scheme 2. 20 Mechanism for the formation of the stilbene II-35 from basic treatment of the
-5-coupled dehydrodiferulate ester II-34 in the cell wall
In our case, when II-4 is treated with KOH in 1,4-dioxane at room temperature and
stirred overnight, 72% of the starting material was recovered. However, we also isolate small
amounts of stilbene II-36, resulting from loss of the  hydroxymethyl group. Since the proton in II-4 is adjacent to a weakly electron-withdrawing hydroxymethyl group, it is less
acidic than the -proton in the diester reported by John,170 so elimination is slow and
recyclization is the major pathway. Therefore, restriction of ring-closure reaction and
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accelerate the elimination is essential to shift the equilibrium to the stilbene side. A possible
mechanism of formation of stilbene II-36 is shown below in Scheme 2.21.

Scheme 2. 21 Proposed mechanism of formation of stilbene II-36
2.3 Conclusion

We have prepared several compounds as models for the -1 and -5 linkages in the
biopolymer lignin, and we investigated the chemistry of these compounds under conditions
that have been applied to the common -O-4 linkage. We observed that in many cases
benzylic hydroxyl groups can be selectively oxidized by several different oxidants. However,
direct oxidative cleavage of C-C bonds in -1 models was observed in metal-catalyzed
TEMPO oxidation systems and with stoichiometric strong oxidants (i.e. KMnO4 and Co(III)
acetate), unlike the result of these reactions when applied to -O-4 models. Interestingly,
different TEMPO-based oxidation systems produced different arrays of products, suggesting
that the reagents used to reoxidize TEMPO (NaNO2/O2, Fe(NO3)3/O2, and CuCl/O2) are not
completely innocent - they play roles as oxidants beyond just the reoxidation of TEMPO.134
Benzylic oxidation dominated in metal-free catalyzed TEMPO oxidation of both nonphenolic -O-4 and -1 compounds, while C-C bond cleavage was observed in copper or iron
catalyzed TEMPO oxidation of non-phenolic -1 models. Oxidative cleavage of -O-4 model
compounds does not occur in a significant extent under the same conditions.51 In all cases,
chromatographically immobile products (presumed to be polymers) were formed when
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phenolic -O-4, -1 and -5 models were treated under the same conditions. In addition,
aromatization of the dihydrofuran ring in compound II-3 took place in all TEMPO-based
oxidations.
It is not surprising that the -5 linkage proved to be more difficult to cleave than the
-1 linkage. Oxidation most often resulted in simple aromatization of the dihydrofuran.
Reactions that opened the dihydrofuran ring in the -5 model II-3 were only observed when
II-3 were treated with KMnO4 at elevated temperature.
Oxidative approaches to lignin depolymerization always risk the formation of
intractable material by oxidative coupling of phenolic monomers that are liberated in the
course of depolymerization. In most cases, here and elsewhere,171,
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the presence of

unprotected phenols tends to lead to formation of insoluble and chromatographically
immobile materials, presumably oxidative coupling products. We found that while some
reagents produce immobile materials from oxidation of unprotected phenols II-2 and II-4,
several proved to be somewhat compatible with phenols. Oxidation of II-2 with KMnO4 and
with VO(acac)2 both produced mononuclear aromatic products though cleavage of the Cα-Cβ
bond, but most of the material from the phenol-bearing ring was lost. Most promising was
the oxidation of II-2 with DDQ, which produced benzylic ketone II-26 in high yield. This
reaction exhibits selectivity for the benzylic position as well as compatibility with phenols,
characteristics that are highly desirable for a two-step, benzylic oxidation/Baeyer-Villiger
route to cleavage of lignin.
Under most effective conditions for cleaving -O-4 linkages, the -1 linkages and the
-5 linkages break as well. When subjected to TPPFeCl/tBuOOH oxidation, -1 models react
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quite differently from -O-4 models. The -1 model II-1 undergoes C-C bond cleavage,
whereas the -O-4 models studied earlier164 produce benzylic ketones. This difference
highlights the need to understand how different lignin linkages behave under oxidizing
conditions. An effective approach to oxidative deconstruction of lignin will need to consider
the effect of oxidation on each of the diverse array of linkages present in lignin.

2.4 Experimental Section

Column chromatography was performed using silica gel-60 (Supelco) and preparative
TLC was carried out with 1 mm plates (Merck). 1H and

13

CNMR spectra were obtained at

room temperature on a Varian INOVA 400 MHz spectrometer, with chemical shifts (δ)
referenced to the residual solvent signal. Following the method of Cho,122 compounds 1 and 2
were prepared by the following procedure:

2.4.1 Synthesis of Model Compounds II-1 and II-2
Preparation of II-1
A solution of 1.3 mL 2.5M n-BuLi (3.28 mmol) was added to a stirred solution of
diisopropylamine (0.46 mL, 3.28 mmol) in 3 mL dry THF at -78 oC under N2 atmosphere.
After 30 mins ethyl 3,4-dimethoxyphenyl acetate II-5 (0.74 g, 3.28 mmol) was added
dropwise and then the resulting solution was stirred for 1 h followed by addition of
veratrylaldehyde II-6a (0.45 g, 2.73 mmol). After 3 h additional stirring at the same
temperature, the mixture was diluted with 10 mL H2O and extracted with ethyl acetate (3 x 10
mL). The combined organic layers were dried with Na2SO4 and evaporated in vacuo.
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Purification by column chromatography on silica gel (hexane/ethyl acetate = 3:1) to give II7a as a yellow oil (0.25 g, 0.64 mmol, 24%).
LiAlH4 (0.043 g, 1.126 mmol) was added into as a solution of ester II-7a (0.22 g,
0.563 mmol) in 10 mL THF in ice bath. The mixture was stirred for 30 mins at 0 oC and then
for 3 h at room temperature. The solution was diluted with 5 mL H2O and acidified with 5 mL
1 M HCl solution then extracted with ethyl acetate (3 x 10 mL). The combined organic layers
were dried with Na2SO4 and evaporated in vacuo. The crude product was purified by column
chromatography on silica gel (hexane/ethyl acetate = 3:1) to produce II-1 as a yellow oil
(0.08 g, 0.23 mmol, 42%).
1

HNMR (400 MHz, CDCl3): 6.89 - 6.73 (6 H, m), 4.93 (1 H, d, J = 4.5 Hz), 3.91 -

3.80 (12 H, m), 3.79 - 3.73 (2 H, m), 3.09 (1 H, d, J = 6.5 Hz); 1CNMR (100 MHz, CDCl3):
148.5, 148.5 148.1, 147.7, 135.5, 131.7, 120.3, 118.8, 111.9, 110.9, 110.4, 109.5, 79.3, 66.4,
55.8, 55.8, 55.7, 55.7, 54.4.
Preparation of II-2
Ethyl 3,4-dimethoxyphenyl acetate II-5 (0.74 g, 3.28 mmol,) was added dropwise in
solution of THF containing 2.5 M LDA (2.4 mL, 6.0 mmol) in 10 mL dry THF at -78 oC
under N2 atmosphere and stirred for 1h. The resulting solution was stirred for 1 h followed by
addition of aldehyde II-6b (0.7 g, 2.73 mmol). After 3 h additional stirring at the same
temperature, the mixture was diluted with 10 mL H2O and extracted with ethyl acetate (3 x 10
mL). The combined organic layers were dried with Na2SO4 and evaporated in vacuo to
produce a crude brown oil (1.4 g). Purification by column chromatography on silica gel
(hexane/ethyl acetate = 2:1) to yield II-7b as a yellow oil (0.6 g, 1.25 mmol, 46%).
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LiAlH4 (0.1 g, 2.5 mmol) was added into as a solution of ester II-7b (0.6 g, 1.25
mmol) in 10 mL THF in ice bath. The mixture was stirred for 30 mins at 0 oC then for 3 h at
room temperature. The solution was diluted with 5 mL H2O and acidified with 5 mL 1M HCl
solution then extracted with ethyl acetate (3 x 10 mL). The combined organic layers were
dried with Na2SO4 and concentrated in vacuo. The crude was purified by column
chromatography on silica gel (hexane/ethyl acetate = 1:1) to produce II-2 as a yellow oil
(0.21 g, 0.628 mmol, 68%).
1

HNMR (400 MHz, CDCl3): 6.78 (2 H, d, J = 7.9 Hz), 6.70 - 6.66 (2 H, m), 6.64 (3 H,

d, J = 1.2 Hz), 4.88 (1 H, d, J = 6.4 Hz), 3.90 - 3.82 (2 H, m), 3.82 (3 H, s), 3.76 (6 H, s), 3.03
(1 H, t, J = 6.5 Hz), 3.01 - 2.94 (1 H, m); 1CNMR (100 MHz, CDCl3): 148.7, 148.0, 146.5,
145.1, 133.9, 131.0, 121.0, 119.5, 114.0, 112.5, 111.1, 109.2, 75.5, 63.9, 55.8, 55.7, 55.7, 54.9.
Following the method of Brunow,123 compounds II-3 and II-4 were prepared by the
following procedure:
Preparation of II-3
A solution of 12 g KOH in 20 mL methanol was added dropwise to a stirred solution
of

3,4-dimethoxyacetophenone

II-8a

(1.09

g,

6

mmol)

and

2-(benzyloxy)-3-

methoxybenzaldehyde (1.45 g, 6 mmol) in 20 mL methanol. After stirring for 24 h, the
solution was neutralized by adding 4 M HCl. The yellow precipitate formed was isolated by
vacuum filtration, and the filter cake was washed with methanol, then with water. The solid
was dried and recrystallized from methanol to produce chalcone II-9a as a yellow oil (0.92 g,
2.35 mmol, 60%).
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A solution of 5 mL 30% hydrogen peroxide and 6 mL 4% (w/v) aqueous NaOH was
added dropwise to chilled solution of chalcone II-9a (0.818 g, 2 mmol) in DCM (10 mL,
precooled to 0 oC in an ice bath). Phase transfer catalyst TBAB (0.1g, 0.31mmol) was added
and then the mixture was stirred at ice bath for 30 mins and overnight at room temperature.
Saturated aqueous Na2S2O3 (10 mL) was added to quench the reaction. The solution was
extracted with dichloromethane (3 x 20 mL) and the combined organic layers were dried with
Na2SO4. Evaporation of the solvent gave II-10a as a yellow oil (0.78 g, 1.86 mmol, 93%).
Fresh BF3-diethyl etherate (1.8 g, 13 mmol) was added dropwise into as solution of
II-10a (0.55 g, 1.3 mmol) in 20 mL dry diethyl ether. The mixture was stirred at room
temperature for 2.5 h and then quenched by adding water (20 mL). The organic layer was
separated and extracted the aqueous layer with ethyl acetate (3 x 20 mL). All organic layers
were combined and dried with Na2SO4. Evaporation of solvent gave a dark brown product
that was used in the next step without purification.
The crude product was dissolved in 20 mL dioxane-H2O (v/v=1:1), then NaBH4 (0.4
g, 7.14 mmol) was added to the solution. The mixture was stirred for 24 h then acidified with
1M HCl to pH=7, and extracted with dichloromethane (3 x 20 mL). The combined organic
layers were washed with saturated aqueous NaCl, dried with Na2SO4 and evaporation of
solvent gave orange oil. Purification by column chromatography on silica gel (hexane/ethyl
acetate = 3:1) gave II-11a as a yellow oil (1.3 g, 3.07 mmol, 47%).
A suspension of benzyl ether II-11a (0.2 g, 0.47 mmol) and 20 mg 10% Pd/C in 10
mL methanol was stirred under 1 atm H2 (balloon). The hydrogenation consumption ceased
after 3 h. The catalyst was filtered off and evaporation of solvent gave the 1,3-diol as a yellow
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oil (0.15 g, 0.45 mmol, 92%), wherein (80 mg, 0.24 mmol) of the resulting 1,3-diol was then
dissolved in 5 mL dioxane-H2O (v/v=1:1) and was treated with 1.0 mL 0.2 M HCl at 50 oC
for 7 h. The solution was cooled, then neutralized with 1 M aqueous NaOH to pH=7 and
extracted with ethyl acetate (3 x 10 mL). The combined organic layers were dried with
Na2SO4. Evaporation of solvent gave II-3 as a yellow oil (66 mg, 0.209 mmol, 88%).
1

HNMR (400 MHz, CDCl3): 6.96 - 6.92 (2 H, m), 6.90 - 6.85 (1 H, m), 6.84 - 6.79 (3

H, m), 5.58 (1 H, d, J = 7.2 Hz), 3.99 - 3.93 (1 H, m), 3.90 (1 H, m, J = 5.5 Hz, 3.9 Hz), 3.88
(3 H, s), 3.85 (3 H, s), 3.83 (3 H, s), 3.66 - 3.60 (1 H, m); 13CNMR (100 MHz, CDCl3): 149.1,
148.9, 148.3, 144.5, 133.6, 127.7, 121.4, 118.6, 116.2, 112.0, 110.9, 109.3, 87.7, 64.0, 55.9,
55.9, 55.8, 53.6
Preparation of II-4
A solution of 5.6 g KOH in 20 mL methanol was added dropwise to a stirred solution
of 1-(4-(benzyloxy)-3-methoxyphenyl)ethanone II-8b (2.7 g, 10.5 mmol) and 2-(benzyloxy)3-methoxybenzaldehyde (2.5 g, 10.5 mmol) in 40 mL methanol. After stirring for 24 h, the
solution was neutralized by adding 4 M HCl. The yellow precipitate formed was isolated by
vacuum filtration, and the filter cake was washed with methanol, then with water. The solid
was dried and recrystallized from methanol to produce chalcone II-9b (3.6 g, 7.5 mmol, 71%)
as yellow plates which were used in the following step.
A solution of 7.8 mL 30% hydrogen peroxide and 11 mL 4% (w/v) aqueous NaOH
was added dropwise to chilled solution of chalcone II-9b (3.5 g, 7.26 mmol) in DCM (20 mL,
precooled to 0 oC in an ice bath). Phase transfer catalyst TBAB (0.35g, 1.08 mmol) was added
and then the mixture was stirred at ice bath for 30 mins and overnight at room temperature.
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Saturated aqueous Na2S2O3 (10 mL) was added to quench the reaction. The solution was
extracted with dichloromethane (3 x 20 mL) and the combined organic layers were dried with
Na2SO4. Evaporation of the solvent gave II-10b as a yellow oil (3.6 g, 7.25 mmol, 99%).
Fresh BF3-diethyl etherate (10.26 g, 72 mmol) was added dropwise into as solution of
II-10b (3.6 g, 7.2 mmol) in 50 mL dry diethyl ether. The mixture was stirred at room
temperature for 2.5 h and then quenched by adding water (100 mL). The organic layer was
separated and extracted the aqueous layer with ethyl acetate (3 x 20 mL). All organic layers
were combined and dried with Na2SO4. Evaporation of solvent gave a dark brown product
that was used in the next step without purification.
The crude product was dissolved in 50 mL dioxane-H2O (v/v=1:1), then NaBH4 (2.6
g, 46.4 mmol) was added to the solution. The mixture was stirred for 24 h then acidified with
1M HCl to pH=7, and extracted with dichloromethane (3 x 20 mL). The combined organic
layers were washed with saturated aqueous NaCl, dried with Na2SO4 and evaporation of
solvent gave orange oil. Purification by column chromatography on silica gel (CH2Cl2/ethyl
acetate = 4:1) gave II-11b as a yellow oil (1.3 g, 2.6 mmol, 36%).
A suspension of benzyl ether II-11b (1.3 g, 2.6 mmol) and 0.1g 10% Pd/C in 30 mL
methanol was stirred under 1 atm H2 (balloon). The hydrogenation consumption ceased after
3 h. The catalyst was filtered off and evaporation of solvent gave the 1,3-diol as a yellow oil
(0.76 g, 2.37 mmol, 92%) which was then dissolved in 30 mL dioxane-H2O (v/v=1:1) and
was treated with 10 mL 0.2 M HCl at 50 oC for 7 h. The solution was cooled, then neutralized
with 1 M aqueous NaOH to pH=7 and extracted with ethyl acetate (3 x 20 mL). The
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combined organic layers were dried with Na2SO4. Evaporation of solvent gave II-4 as a
yellow oil (0.6 g, 1.98 mmol, 84%).
1

HNMR (400 MHz, CDCl3): 6.94 - 6.71 (6 H, m), 5.51 (1 H, d, J = 7.0 Hz), 3.86 (5 H,

d, J = 7.3 Hz), 3.76 (3 H, s), 3.59 (1 H, d, J = 5.9 Hz); 13CNMR (100 MHz, CDCl3): 146.8,
146.5, 145.0, 131.2, 123.5, 122.3, 121.1, 114.8, 113.6, 111.7, 110.1, 106.5, 79.0, 56.0, 55.9,
55.8, 55.3.

2.4.2 Oxidation of Model Compounds II-1 - II-4
2.4.2.1 General Procedure for the KMnO4-Catalyzed Oxidation of II-1 - II-4
A mixture of lignin model (1 eq.) and KMnO4 (2 eq.) in AcOH (4 mL/mmol) was
stirred at 120 oC for 19 h. The mixture was then cooled, diluted with water and extracted with
ethyl acetate. The combined organic layers were washed with aqueous KOH, aqueous HCl,
and water, then dried over Na2SO4 and concentrated under vacuum. The products were
purified by column chromatography on silica gel.
KMnO4 oxidation of II-1
A mixture of II-1 (90 mg, 0.26 mmol) and KMnO4 (164 mg, 0.52mmol) in AcOH (2
mL) was used. The products were purified by column chromatography on silica gel
(hexane/ethyl acetate = 3:1) to give acid 12 (40 mg, 0.22 mmol, 85%) as white solid.
KMnO4 oxidation of II-2
A mixture of II-2 (36 mg, 0.11 mmol) and KMnO4 (34 mg, 0.22mmol) in AcOH (1
mL) was used. The products were purified by column chromatography on silica gel
(hexane/ethyl acetate = 3:1) to give acid II-12 (3 mg, 0.016 mmol, 15%) and aldehyde II-13
(2 mg, 0.013 mmol, 12%) as white solids. Chromatographically immobile was also observed.
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KMnO4 oxidation of II-3
A mixture of II-3 (76 mg, 0.24 mmol) and KMnO4 (76 mg, 0.48mmol) in AcOH (2
mL) was used. The products were purified by column chromatography on silica gel
(hexane/ethyl acetate = 1:1) to give acid II-12 (11 mg, 0.06 mmol, 19%), aldehyde II-13 (9
mg, 0.05 mmol, 17%), and II-15 (14mg, 0.04 mmol, 12%) as yellow oils. A trace amount of
aldehyde 16 was also isolated. NMR spectra of II-12 and II-13 are identical to literature
reports.173, 174
II-15: (2-(1-(3,4-dimethoxyphenyl)-1,3-dihydroxypropan-2-yl)-6-methoxyphenyl
acetate): 1HNMR (400 MHz, CDCl3): 6.94 (2 H, d, J = 9.2 Hz), 6.89 (1 H, dd, J = 9.0 Hz, 5.9
Hz), 6.86 - 6.80 (3 H, m), 5.47 (1 H, d, J = 7.4 Hz), 4.43 (1 H, dd, J = 11.1 Hz, 5.6 Hz), 4.32
(1 H, dd, J = 11.1 Hz, 7.4 Hz), 3.90 (3 H, d, J = 1.4 Hz), 3.87 (3 H, s), 3.85 (3 H, s), 3.84 3.77 (1 H, m), 2.02 (3 H, s). 13CNMR (100 MHz, CDCl3): 170.8, 149.2, 149.1, 148.0, 144.5,
133.0, 127.4, 121.5, 118.8, 116.6, 112.2, 111.0, 109.3, 88.2, 65.5, 56.0, 55.9, 55.9, 50.4, 20.8.
HRMS (ESI): m/z [M + NH4 - H2O]+ calcd for C20H26NO6 376.1760, found 376.1754.
KMnO4 oxidation of II-4
A mixture of II-4 (240 mg, 0.80 mmol) and KMnO4 (251 mg, 1.59 mmol) in 8 mL
AcOH was used. An insoluble product (138 mg) was isolated, along with 86 mg of ethyl
acetate-soluble and chromatography mobile (100% MeOH) material was also isolated but
could only be identified as a complex mixture of products.
2.4.2.2 General Procedure for the Co(III) Catalyzed Oxidation of II-1 - II-4
A mixture of lignin model (1 eq.), Co(OAc)2·4H2O (2 eq.) and AcOH (2 mL/mmol)
were stirred under an O2 atmosphere (balloon) at 120 oC for 19h. The mixture was extracted
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with DCM and the organic layer was washed with chilled water. The combined organic layers
were dried over Na2SO4 and concentrated under vacuum. The crude products were purified by
column chromatography on silica gel.
Co(III) oxidation of II-1
Products afforded from a mixture of II-1 (90 mg, 0.26 mmol) and Co(OAc)2·4H2O
(129 mg, 0.52 mmol) were purified by column chromatography on silica gel (hexane/ethyl
acetate = 1:1) to give aldehyde II-13 (35 mg, 0.21 mmol, 81.5%).
Co(III) oxidation of II-2
Products afforded from a mixture of II-2 (90 mg, 0.27 mmol) and Co(OAc)2·4H2O
(134 mg, 0.54 mmol) were purified column chromatography on silica gel (hexane/ethyl
acetate = 1:1) (hexane/ethyl acetate = 3:1) to give a yellow solid stilbene (II-19) (7 mg, 0.024
mmol, 9.1%), a yellow oil diester (II-20) (1.8 mg, 0.006 mmol, 2.4%), a yellow oil isomeric
diester (II-21) (31.5 mg, 0.075 mmol, 27.9%) and a yellow oil isomeric ester (II-22) (8.5 mg,
0.02 mmol, 7.5%).
II-19:(E)-4-(3,4-dimethoxystyryl)-2-methoxyphenol. 1HNMR (400 MHz, CDCl3):
7.04 (1 H, d, J = 1.9 Hz), 7.02 (2 H, dd, J = 4.9 Hz, 3.1 Hz), 7.00 - 6.98 (1 H, m), 6.91 - 6.87
(3 H, m), 6.84 (1 H, d, J = 8.2 Hz), 5.62 (1 H, s), 3.94 (3 H, s), 3.93 (3 H, s), 3.89 (3 H, s).
13

CNMR (100 MHz, CDCl3): 149.1, 148.6, 146.7, 145.3, 130.7, 130.2, 126.8, 126.3, 120.1,

119.5, 114.5, 111.3, 108.6, 108.0, 55.9, 55.9, 55.8.
Diester II-20: (1-(3,4-dimethoxyphenyl)-1,2-ethanediol-1,2-diacetate).

1

HNMR

(400 MHz, CDCl3): 6.94 (1 H, ddd, J = 8.2 Hz, 2.0 Hz, 0.4 Hz), 6.90 (1 H, d, J = 2.0 Hz),
6.85 (1 H, d, J = 8.3 Hz), 5.97 (1 H, dd, J = 6.7 Hz, 5.4 Hz), 4.31 (1 H, s), 4.30 (1 H, s), 3.89
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(3 H, s), 3.85 (3 H, s), 2.10 (3 H, s), 2.05 (3 H, s). 13CNMR (100 MHz, CDCl3): 170.4, 169.8,
149.2, 149.0, 128.9, 119.2, 111.1, 110.0, 73.0, 65.9, 55.8, 55.7, 20.9, 20.6.
Diester (II-21): 1HNMR (400 MHz, CDCl3, mixture of diastereomers ): 6.83 - 6.77
(1 H, m), 6.77 - 6.73 (2 H, m), 6.72 (1 H, d, J = 2.5 Hz), 6.70 - 6.67 (1 H, m), 6.65 (2 H, dd, J
= 7.8 Hz, 1.9 Hz), 6.61 (1 H, d, J = 1.9 Hz), 6.55 (1 H, dd, J = 8.2 Hz, 2.0 Hz), 6.45 (1 H, d, J
= 2.0 Hz), 6.00 (1 H, d, J = 7.6 Hz), 5.90 (1 H, d, J = 8.7 Hz), 5.61 (1 H, s), 5.53 (1 H, s), 4.47
(1 H, dd, J = 11.1 Hz, 7.2 Hz), 4.32 (1 H, dd, J = 11.1 Hz, 5.3 Hz), 4.25 (1 H, dd, J = 11.2 Hz,
6.2 Hz), 4.08 (1 H, dd, J 11.2 Hz, 6.9 Hz), 3.84 (3 H, s), 3.80 (3 H, s), 3.79 (2 H, s), 3.77 (3 H,
s), 3.72 (2 H, s), 3.69 (2 H, s), 3.41 – 3.35 (1 H, m), 3.32 (1 H, q, J = 6.9 Hz), 2.06 (2 H, s),
1.99 (2 H, s), 1.93 (3 H, s), 1.90 (3 H, s).

13

CNMR (100 MHz, CDCl3, mixture of

diastereomers): 170.9, 170.7, 169.9, 169.7, 148.5, 148.4, 148.1, 148.0, 146.2, 145.9, 145.6,
145.2, 130.2, 130.2, 130.1, 130.1, 121.1, 121.0, 120.2, 120.1, 114.2, 114.0, 112.1, 112.0,
110.8, 110.8, 110.1, 109.7, 76.3, 75.5, 64.6, 55.8, 55.8, 55.8, 55.8, 55.8, 55.7, 49.8, 49.5, 21.2,
21.0, 20.9, 20.8. HRMS (ESI, NH4Cl buffer): m/z [M + NH4]+ calcd for C22H30NO8 436.1971,
found 436.1965.
Ester II-22 (mixture of diastereomers): 1HNMR (400 MHz, CDCl3,): 7.08 - 7.02 (2 H,
m), 6.99 (1 H, s), 6.93 (1 H, d, J = 8.1 Hz), 6.91 - 6.88 (2 H, m), 6.88 - 6.84 (2 H, m), 6.82 (1
H, dd, J = 8.2 Hz, 1.8 Hz), 6.77 (1 H, d, J = 1.8 Hz), 6.72 (1 H, d, J = 8.2 Hz), 6.64 (1 H, dd,
J = 8.2 Hz, 2.0 Hz), 6.58 (1 H, s), 6.49 (1 H, d, J = 1.9 Hz), 5.66 (1 H, s), 5.53 - 5.51 (1 H, m),
5.15 (2 H, s), 4.87 (2 H, d, J = 1.2 Hz), 3.93 (3 H, s), 3.91 (3 H, s), 3.90 (3 H, s), 3.89 (3 H, s),
3.76 (3 H, s), 3.54 (3 H, s), 2.06 (3 H, s), 2.06 (2 H, s). 13CNMR (100 MHz, CDCl3, mixture
of diastereomers): 171.0, 170.7, 149.1, 148.8, 148.8, 148.4, 146.3, 145.7, 145.3, 144.9, 134.2,
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133.9, 133.2, 132.4, 131.0, 129.4, 129.0, 128.4, 123.3, 122.4, 121.1, 118.7, 114.4, 113.9,
112.2, 111.4, 111.3, 111.2, 111.1, 109.6, 69.6, 62.2, 55.9, 55.9, 55.9, 55.9, 55.8, 55.4, 29.7,
21.0. HRMS (ESI): m/z [M-CH3COO]+ calcd for C18H19O4 299.1283, found 299.1279.
Co(III) oxidation of II-3
Products afforded from a mixture of II-3 (90 mg, 0.28 mmol) and Co(OAc)2·4H2O
(142 mg, 0.57 mmol) were purified by column chromatography on silica gel (hexane/ethyl
acetate = 1:1), gave the -acetate from 3 as a brown oil (90 mg, 0.25 mmol, 88%).
II-23:((2-(3,4-dimethoxyphenyl)-7-methoxy-2,3-dihydrobenzofuran-3-yl)methyl
acetate): 1HNMR (400 MHz, CDCl3): 6.95 - 6.79 (6 H, m), 5.45 (1 H, d, J = 7.5 Hz), 4.42 (1
H, dd, J = 11.2 Hz, 5.6 Hz), 4.30 (1 H, dd, J = 11.1 Hz, 7.4 Hz), 3.87 (3 H, s), 3.84 (6 H, d, J
= 4.7 Hz), 3.82 - 3.76 (1 H, m), 2.00 (3 H, s).

13

CNMR (100 MHz, CDCl3): 170.8, 149.1,

149.1, 148.0, 144.5, 133.0, 127.4, 121.5, 118.8, 116.6, 112.1, 110.9, 109.2, 88.2, 65.5, 56.0,
55.9, 55.9, 50.4, 20.8.
Co(III) oxidation of II-4
Products afforded from a mixture of II-4 (63 mg, 0.21 mmol) and Co(OAc)2·4H2O
(0.41 mg, 0.41 mmol) were purified by column chromatography on silica gel (hexane/ethyl
acetate = 1:1) to give a phenyl acetate from II-4 as a brown oil (49 mg, 0.13 mmol, 70%).
Chromatographically immobile products were also observed.
II-24:

4-(3-(hydroxymethyl)-7-methoxy-2,3-dihydrobenzofuran-2-yl)-2-

methoxyphenyl acetate: 1HNMR (400 MHz, CDCl3): 6.91 (1 H, d, J = 4.5 Hz), 6.88 (3 H,
m), 6.85 - 6.82 (2 H, m), 5.67 (1 H, s), 5.45 (1 H, d, J = 7.5 Hz), 4.44 (1 H, dd, J = 11.1 Hz,
5.6 Hz), 4.32 (1 H, dd, J = 11.1 Hz, 7.5 Hz), 3.89 (3 H, s), 3.86 (3 H, s), 3.80 (1 H, dd, J =
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10.9 Hz, 5.2 Hz), 2.02 (3 H, s).

13

CNMR (100 MHz, CDCl3): 170.6, 147.7, 146.4, 145.5,

144.3, 132.2, 127.2, 121.3, 119.32, 116.3, 114.0, 111.9, 108.4, 88.1, 65.2, 55.7, 55.7, 50.2,
20.5.
2.4.2.3 General DDQ oxidation of II-1 - II-4
A mixture of substrate (1 eq.), DDQ (0.1 eq.), NaNO2 (0.1 eq.), CH2Cl2 (20 mL/mmol)
and acetic acid (2 mL/mmol) was stirred under an O2 atmosphere (balloon) at room
temperature for 22 h. The mixture was extracted with ethyl acetate and the organic layer was
washed with saturated aqueous NaCl, dried over Na2SO4 and then concentrated under vacuum.
The products were purified column chromatography on silica gel.
DDQ oxidation of II-1
A mixture of II-1 (50 mg, 0.14 mmol), DDQ (3.3 mg, 0.014 mmol), NaNO2 (0.93 mg,
0.014 mmol), CH2Cl2 (2 mL) and acetic acid (0.2 mL) was used. The products were purified
column chromatography on silica gel (hexane/ethyl acetate = 1:1) to produce ketone II-25 as
a yellow oil (46 mg, 0.13 mmol, 93%).
II-25: (1,2-bis(3,4-dimethoxyphenyl)-3-hydroxypropan-1-one). 1HNMR (400 MHz,
CDCl3): 7.54 (1 H, dd, J = 8.4 Hz, 2.0 Hz), 7.51 (1 H, d, J = 2.0 Hz), 6.82 – 6.75 (3 H, m),
6.74 (1 H, d, J = 1.7 Hz), 4.66 (1 H, dd, J = 8.3 Hz, 4.9 Hz), 4.22 (1 H, dd, J = 11.3 Hz, 8.3
Hz), 3.86 (3 H, s), 3.85 (3 H, s), 3.83 (1 H, m), 3.81 (3 H, s), 3.80 (3 H, s). 13CNMR (100
MHz, CDCl3): 198.4, 153.3, 149.3, 148.8, 148.4, 129.4, 129.2, 123.7, 120.7, 111.6, 111.0,
110.8, 110.0, 65.1, 55.9, 55.9, 55.8, 55.4.
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DDQ oxidation of II-2
A mixture of II-2 (93 mg, 0.28 mmol), DDQ (6.6 mg, 0.028 mmol), NaNO2 (1.86 mg,
0.028 mmol), CH2Cl2 (6 mL) and acetic acid (0.4 mL) was used. The products were purified
by column chromatography on silica gel (hexane/ethyl acetate = 1:1) to produce ketone II-26
as an orange oil (78 mg, 0.23 mmol, 84%).
II-26:

(2-(3,4-dimethoxyphenyl)-3-hydroxy-1-(4-hydroxy

3-

methoxyphenyl)propan-1-one): 1HNMR (400 MHz, CDCl3): 7.56 - 7.50 (2 H, m), 6.86 6.83 (1 H, m), 6.82 - 6.79 (2 H, m), 6.76 (1 H, d, J =1.6 Hz), 6.07 (1 H, s), 4.67 (1 H, dd, J
=8.3 Hz, 5.0 Hz), 4.24 (1 H, dd, J = 11.2 Hz, 8.4 Hz), 3.90 (3 H, s), 3.89 - 3.85 (1 H, m), 3.84
(3 H, s), 3.83 (3 H, s). 13CNMR (100 MHz, CDCl3): 198.5, 150.5, 149.4, 148.5, 146.5, 129.1,
129.1, 124.4, 120.7, 113.8, 111.7, 111.0, 110.5, 65.3, 55.9, 55.9, 55.8, 55.4. HRMS (ESI):
m/z [M - H]+ calcd for C18H19O6 331.1182, found 331.1172.
DDQ oxidation of II-3
A mixture of II-3 (140 mg, 0.44 mmol), DDQ (10 mg, 0.044 mmol), NaNO2 (3 mg,
0.044 mmol), CH2Cl2 (8 mL) and acetic acid (0.6 mL) was used. The products were purified
by column chromatography (hexane/ethyl acetate = 3:1) to produce aldehyde II-16 as a
yellow solid (36 mg, 0.11 mmol, 56%) and benzofuran alcohol II-27 as a yellow oil (12 mg,
0.038 mmol, 18%). Starting material II-3 (35mg, 25%) was also recovered.
II-16: (2-(3,4-dimethoxyphenyl)-7-methoxybenzofuran-3-carbaldehyde). 1HNMR
(400 MHz, CDCl3): 10.29 (1 H, s), 7.79 (1 H, d, J = 7.9 Hz), 7.42 (1 H, d, J = 8.3 Hz), 7.30 7.21 (1 H, m), 6.98 (1 H, d, J = 8.3 Hz), 6.87 (1 H, d, J = 8.1 Hz), 4.01 (3 H, s), 3.96 (3 H, s),
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3.94 (3 H, s). 13CNMR (100 MHz, CDCl3): 186.6, 165.5, 151.7, 149.3, 144.9, 143.0, 127.3,
125.6, 123.0, 121.0, 116.9, 114.4, 111.5, 111.2, 107.9, 56.2, 56.1, 56.0
II-27: ((2-(3,4-dimethoxyphenyl)-7-methoxybenzofuran-3-yl)methanol): 1HNMR
(400 MHz, CDCl3): 7.47 - 7.41 (2 H, m), 7.26 - 7.24 (1 H, m), 7.18 (1 H, t, J = 7.8 Hz), 6.95
(1 H, d, J = 8.9 Hz), 6.81 (1 H, dd, J = 7.9 Hz, 1.2 Hz), 4.91 (2 H, s), 4.02 (3 H, s), 3.96 (3 H,
s), 3.92 (3 H, s). 13CNMR (100 MHz, CDCl3): 154.1, 149.8, 149.1, 145.2, 142.9, 131.1, 123.6,
122.9, 120.6, 113.9, 111.5, 111.1, 110.5, 106.7, 56.1, 56.0, 56.0, 55.6.
DDQ oxidation of II-4
A mixture of II-4 (93 mg, 0.31 mmol), DDQ (7.3 mg, 0.031 mmol), NaNO2 (2 mg,
0.031 mmol), CH2Cl2 (3 mL) and acetic acid (0.44 mL) was used. The products were purified
by column chromatography on silica gel (hexane/ethyl acetate = 3:1) to produce a yellow oil
II-28 (40 mg, 0.13 mmol, 43%) and starting material 4 (40 mg, 43%) was recovered as well.
II-28: ((2-(3,4-dimethoxyphenyl)-7-methoxybenzofuran-3-yl)methanol): 1HNMR
(400 MHz, CDCl3): 7.44 (1 H, d, J = 1.9 Hz), 7.41 (1 H, dd, J = 8.3 Hz, 2.0 Hz), 7.29 - 7.26
(1 H, m), 7.20 (1 H, t, J = 7.8 Hz), 7.02 (1 H, d, J = 8.3 Hz), 6.83 (1 H, dd, J = 7.8 Hz, 1.1
Hz), 5.83 (1 H, s), 4.93 (2 H, s), 4.04 (3 H, s), 3.99 (3 H, s). 13CNMR (100 MHz, CDCl3):
154.3, 146.7, 146.6, 145.3, 142.9, 131.1, 123.7, 122.4, 121.3, 114.7, 113.7, 111.5, 110.0,
106.7, 56.2, 56.1, 55.7. HRMS (ESI): m/z [M - H]+ calcd for C17H15O5 299.0919, found
299.0914.
2.4.2.4 General VO(acac)2 oxidation of II-1 - II-4
A mixture of lignin model (1 eq.), VO(acac)2 (0.3 eq.), MeCN (30 mL/mmol) and 10%
aqueous AcOH (0.3 mL) were stirred under an O2 atmosphere (balloon) at 100 oC for 48h.
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The mixture was extracted with EA and the organic layer was washed with chilled water. The
combined organic layers were dried over Na2SO4 and concentrated under vacuum. The
product mixtures were purified by column chromatography on silica gel.
VO(acac)2 oxidation of II-1
A mixture of II-1 (100 mg, 0.287 mmol), VO(acac)2 (24.1 mg, 0.086 mmol) were
used. The mixture products were purified by column chromatography on silica gel
(hexane/ethyl acetate = 3:1) to give acid II-12 (10 mg, 0.055 mmol, 19%), aldehyde II-13 (15
mg, 0.09 mmol, 31.4%), a yellow solid diketone II-29 (3.5mg, 0.01 mmol, 3.7%). Starting
material II-1 was also recovered (56 mg, 52.8%).
II-29:

(1,2-bis(3,4-dimethoxyphenyl)ethane-1,2-dione).

1

HNMR

(400

MHz,

CDCl3): 7.59 (1 H, s), 7.47 (1 H, d, J = 8.3 Hz), 6.88 (1 H, d, J = 8.5 Hz), 3.95 (6 H, s).
13

CNMR (100 MHz, CDCl3): 193.4, 154.8, 149.5, 126.4, 126.3, 110.3, 56.2, 56.1.

VO(acac)2 oxidation of II-2
A mixture of II-2 (122 mg, 0.365 mmol), VO(acac)2 (30.68 mg, 0.11 mmol) were
used. The product mixture was purified by column chromatography on silica gel
(hexane/ethyl acetate = 3:1) to give acid II-12 (trace), aldehyde II-13 (3 mg, 0.018 mmol,
5%), vanillin (3 mg, 0.0197 mmol, 5.4%). Starting material II-2 was recovered (30 mg,
24.6%) as well. Chromatographically immobile material was also observed.
VO(acac)2 oxidation of II-4
A mixture of 4 (82 mg, 0.27 mmol), VO(acac)2 (22.8 mg, 0.08 mmol) were used. The
products were purified by column chromatography on silica gel (hexane/ethyl acetate = 3:1)
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to give the phenyl acetate and a yellow oil 28 (trace). Starting material was also recovered (50
mg, 60.9%).
2.4.2.5 General TEMPO/NaNO2/NaCl/HCl oxidation of II-1 - II-4
A mixture of lignin model (1 eq.), TEMPO (0.15 eq.), NaNO2 (0.25 eq.), 36%
aqueous HCl (0.5 eq.), NaCl (0.5 eq.) and CH2Cl2 (20 mL/mmol) stirred under an O2
atmosphere (balloon) at room temperature for 23 h. The mixture was extracted with ethyl
acetate and the organic layer was washed with saturated aqueous Na2S2O3, saturated aqueous
NaHCO3, then with water. The combined organic layers were dried over Na2SO4 and
concentrated under vacuum. The product mixtures were purified by column chromatography
on silica gel.
Oxidation of II-1
A mixture of II-1 (50 mg, 0.145 mmol), TEMPO (3.4 mg, 0.021 mmol), NaNO2 (2.5
mg, 0.0359 mmol), 36% aqueous HCl (6 µL, 0.0717 mmol), NaCl (4.2 mg, 0.0717 mmol) and
DCM (2 mL) was used. The mixture products were purified by column chromatography on
silica gel (hexane/ethyl acetate = 2:1) to give a yellow oil ketone II-25 (23 mg, 0.06 mmol
46%) and diketone II-29 (6 mg, 0.018 mmol, 12%).
Oxidation of II-2
A mixture of II-2 (34 mg, 0.1 mmol), TEMPO (2.4 mg, 0.075 mmol), NaNO2 (1.7
mg, 0.025 mmol), 36% aqueous HCl (4.3 µL, 0.05 mmol), NaCl (2.9 mg, 0.05 mmol) and
CH2Cl2 (2 mL) was used. The product was chromatographically immobile.
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Oxidation of II-3
A mixture of II-3 (136 mg, 0.43 mmol), TEMPO (10 mg, 0.0645 mmol), NaNO2 (7.5
mg, 0.1 mmol), 36% aqueous HCl (17 µL, 0.2 mmol), NaCl (12.6 mg, 0.2 mmol) and CH2Cl2
(2 mL) was used. The products were purified by column chromatography on silica gel
(hexane/ethyl acetate = 3:1) to give aldehyde II-16 as a yellow solid (40 mg, 0.13 mmol,
50%).
Oxidation of II-4
A mixture of II-4 (95 mg, 0.314 mmol), TEMPO (7.6 mg, 0.047 mmol), NaNO2 (5.4
mg, 0.078 mmol), 36% aqueous HCl (13 µL, 0.157 mmol), NaCl (9.1 mg, 0.157 mmol) and
CH2Cl2 (2 mL) was used. The products were chromatographically immobile.
2.4.2.6 General Fe(NO3)3 /TEMPO oxidation of II-1 - II-4
A mixture of substrate (1 eq.), TEMPO (0.1 eq.), Fe(NO3)3·9H2O (0.05 eq.), NaCl
(0.1 eq.) and DCE (10 mL/mmol) stirred under an O2 atmosphere (balloon) at room
temperature for 19h. The mixture was extracted with ethyl acetate and the organic layer was
washed with saturated aqueous Na2S2O3, saturated aqueous NaHCO3, then with water. The
combined organic layers were dried over Na2SO4 and concentrated under vacuum. The
products were purified by column chromatography on silica.
Fe(NO3)3 /TEMPO oxidation of II-1
A mixture of II-1 (80 mg, 0.23 mmol), TEMPO (3.6 mg, 0.023 mmol),
Fe(NO3)3·9H2O (4.6 mg, 0.0115 mmol), NaCl (1.3 mg, 0.023 mmol) and DCE (2 mL) was
used. The mixture products were purified by column chromatography on silica gel
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(hexane/ethyl acetate = 3:1) to give aldehyde II-13 (12 mg, 0.072 mmol, 31%) and ketone II25 (37 mg, 0.106 mmol, 46%).
Fe(NO3)3 /TEMPO oxidation of II-2
A mixture of II-2 (37mg, 0.11 mmol), TEMPO (1.9 mg, 0.011 mmol),
Fe(NO3)3·9H2O (2.2 mg, 0.005 mmol), NaCl (0.6 mg, 0.011 mmol) and DCE (2 mL) was
used. The mixture products were purified by column chromatography on silica gel
(hexane/ethyl acetate = 3:1) to give aldehyde II-13 (trace), and a yellow oil II-26 (6mg,
0.018mmol, 16%). Chromatographically immobile material was also observed.
Fe(NO3)3 /TEMPO oxidation of II-3
A mixture of II-3 (73 mg, 0.23 mmol), TEMPO (3.9 mg, 0.023 mmol),
Fe(NO3)3·9H2O (4 mg, 0.01 mmol), NaCl (1.3 mg, 0.023 mmol) and DCE (2 mL) was used.
The mixture products were purified by column chromatography on silica gel (hexane/ethyl
acetate = 3:1) to give aldehyde II-16 (11 mg, 0.035 mmol, 15.2%). Starting material II-3 was
also recovered (53 mg, 73%).
Fe(NO3)3 /TEMPO oxidation of II-4
A mixture of II-4 (100 mg, 0.33 mmol), TEMPO (5.1 mg, 0.033 mmol),
Fe(NO3)3·9H2O (6.6 mg, 0.0165 mmol), NaCl (2 mg, 0.033 mmol) and DCE (3 mL) was used.
The reaction products were chromatographically immobile.
2.4.2.7 General CuCl /TEMPO oxidation of II-1 - II-4
A mixture of substrate (1 eq.), TEMPO (0.3 eq.), CuCl (0.2 eq.) and pyridine (10
mL/mmol) stirred under an O2 atmosphere (balloon) at 100 oC for 19h. The mixture was
extracted with ethyl acetate and the organic layer was washed with saturated aqueous Na2S2O3,
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saturated aqueous NaHSO4, then with water. The combined organic layers were dried over
Na2SO4 and concentrated under vacuum. The product mixtures were purified by column
chromatography on silica gel.
CuCl /TEMPO oxidation of II-1
A mixture of II-1 (100 mg, 0.287 mmol), TEMPO (13.4 mg, 0.086 mmol), CuCl (5.7
mg, 0.057 mmol) and pyridine (2 mL) was used. The products were purified by column
chromatography on silica gel (hexane/ethyl acetate = 3:1) to give acid II-12 (36 mg, 0.198
mmol, 75.4%), aldehyde II-13 (14 mg, 0.084 mmol, 27%) and diketone II-29 (18 mg, 0.054
mmol, 19%).
CuCl /TEMPO oxidation of II-2
A mixture of II-2 (122 mg, 0.365 mmol), TEMPO (17.1 mg, 0.11 mmol), CuCl (7.2
mg, 0.073 mmol) and pyridine (2 mL) was used. The products were purified by column
chromatography on silica gel (hexane/ethyl acetate = 3:1) to give a yellow oil acid II-12 (12.6
mg, 0.069 mmol, 19%) and aldehyde II-13 (6.8 mg, 0.041 mmol, 11%). Chromatographically
immobile material also observed.
CuCl /TEMPO oxidation of II-3
A mixture of II-3 (75 mg, 0.24 mmol), TEMPO (11.2 mg, 0.072 mmol), CuCl (4.7
mg, 0.047 mmol) and pyridine (2 mL) was used. The products were purified by column
chromatography on silica gel (hexane/ethyl acetate = 3:1) to give aldehyde II-16 (10 mg,
0.032 mmol, 13%). Starting material 3 was also recovered (47 mg, 63%).

70

CuCl /TEMPO oxidation of II-4
A mixture of II-4 (90 mg, 0.30 mmol), TEMPO (14 mg, 0.09 mmol), CuCl (5.9 mg,
0.06 mmol) and pyridine (3 mL) was used. The product mixture was chromatography
immobile.

2.4.3 HBr treatment of II-3
A mixture of II-3 (136 mg, 0.24 mmol), HBr (139 mg, 1.7 mmol) and 1,2dichloroethane (5 mL) was stirred at 84 oC overnight. The solution was cooled, then
neutralized with 1M aqueous NaOH to pH=7 and extracted with dichloromethane (3 x 10 mL).
The combined organic layers were dried with Na2SO4 and evaporated in vacuo. Purification
by column chromatography on silica gel (hexane: ethyl acetate=2:1) gave II-33 as a brown oil
(16 mg, 0.05 mmol, 12%). Multiple unisolatable trace products were detected as well.
1

HNMR (400 MHz, CDCl3): 7.35 (2 H, s), 7.19 - 7.09 (2 H, m), 6.96 (1 H, d, J = 8.8

Hz), 6.80 (1 H, d, J = 7.8 Hz), 4.03 (3 H, s), 3.97 (3 H, s), 3.93 (3 H, s), 2.44 (3 H, s).

2.4.4 KOH treatment of II-4
A mixture of 4 mL 2 M KOH and II-4 (130 mg, 0.43 mmol) in 5 mL 1,4-dioxane was
stirred overnight at room temperature. The solution was neutralized by adding 2 M HCl then
extracted with dichloromethane (3 x 10 mL). The combined organic layers were dried with
Na2SO4 and evaporated in vacuo. Purification by column chromatography on silica gel
(hexane: ethyl acetate=1:1) gave stilbene II-36 as a yellow oil (trace). Starting material II-4
was recovered as well (94 mg, 0.31mmol, 72%).
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1

HNMR (400 MHz, CDCl3): 7.25 - 7.29 (1 H, m), 7.17 (1 H, d, J = 8.1 Hz), 7.11 (2 H,

d, J = 17.2 Hz), 7.04 (1 H, d, J = 8.0 Hz), 6.90 (1 H, d, J =8.1 Hz), 6.84 (1 H, t, J = 7.8 Hz),
6.76 (1 H, d, J = 7.8 Hz), 5.95 (1 H, s), 5.64 (1 H, s), 3.95 (3 H, s), 3.91 (3 H, s); 13CNMR
(100 MHz, CDCl3): 146.7, 146.6, 145.4, 143.1, 130.5, 129.4, 123.9, 120.6, 120.6, 119.5,
118.6, 114.4, 109.0, 108.2, 56.1, 55.9.
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Chapter 3. Dramatic simplification of lignin HSQC spectra from ring-puck milling followed by
oxidation

Disclaimer: This chapter was taken from the following papers:
Z. Fang, J. K. Mobley and M. S. Meier. Energy Fuels, 2018, 32 (11), 11632–11638
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3.1 Introduction

As one of the most commonly used milling processes, ball-milling has been used in
many studies on lignin processing

92, 94, 96, 175, 176

and has been proven to be more energy-

efficient than solvent-based strategies or microwave digestion techniques.177 This method was
also magnified at larger scales (hectograms and kilograms level) in mechanocatalytic
degradation of lignocellulose.97 Addition of a solid base such as NaOH into the milling
progress has been shown to significantly increase the yield of monomeric products.96
In our previous study, kraft lignin was ball milled in a reciprocating ball-mill and then
treated with the two-step oxidative degradation approach.178 Extraction of the aqueous
solution after the second oxidation step (B-V oxidation), a larger amount of ethyl acetate
soluble material was obtained from the ball-milled kraft lignin than from nonmechanochemically-treated kraft lignin. Two major products (methyl vanillate and methyl 5carbomethoxyvanillate, 10wt% combined) can be isolated after methylation of the ethyl
acetate soluble mixture (Figure 3.1). However, this reciprocating ball mill could only
accommodate lignin in small quantity (~2 g) and extensive time (48 h) was required.

Figure 3. 1 Two major products isolated after methylation of the ethyl acetate soluble mixture
In contrast to results using a ball mill, a Spex Shatterbox mill with a ring-and-puck
cell (Figure 3.2) can easily handle large quantity of samples (>100g) and reduce particle sizes
in very short time. Therefore, we intend to treat kraft lignin with this Shatterbox mill in a
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solvent-free system, following with porphyrin and B-V oxidations subsequently in order to
compare how this more powerful technique would affect each oxidation step, compared to the
ball mill.

Figure 3. 2 A Spex Shatterbox mill with a ring-puck cell
A reciprocating ball-mill, as we have used to carry out mechanochemical reactions of
lignin,178 can only be used on small quantities (ca. 1 g), making it difficult to produce
quantities of lignin depolymerization products that are sufficient to explore potential
applications of these compounds. In work by the Dabral group,179 a Siebtechnik vibrating disc
mill was used to produce cleavage of -O-4 model compounds and to produce partial
deconstruction of lignin on a 10g-scale. They also studied the HO-TEMPO/ oxone oxidation
of lignin while milling. Inspired by that work, we have investigated another common milling
method, using a Spex Shatterbox vibratory mill with KOH in a solvent-free system. Such
mills can process relatively large quantities of sample (100 g) in a nesting, sliding ring-andpuck sample cell of a type that has been used in grinding nanotubes180 as well as mineral
samples.181 In this work, we conducted the mechanochemical processing of lignin and the
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oxidation steps separately in order to understand at which stage the most important reactions
occur. Accordingly, kraft lignin (20 g) was milled in the Shatterbox and then subjected to a
porphyrin-catalyzed oxidation, followed by Baeyer-Villiger oxidation. We find that each step
in this process produced very different materials than we observed with lignin samples that
had been subjected to ball-milling (scale of 2 g) followed by oxidation.178
In this study, a mixture of kraft lignin (KL, Indulin AT kraft lignin obtained from
Ingevity, formerly MeadWestvaco) and KOH (lignin/KOH = 2:1 w/w) was milled in a Spex
8530 Shatterbox ring-and-puck mill for 4 different time intervals (15 mins, 1h, 2h, 3h). We
then performed a two-step oxidative depolymerization approach on the mechanochemicaltreated kraft lignin (Scheme 3.1),115 starting with a porphyrin oxidation of the benzylic
alcohols to corresponding ketones, and then followed by a Baeyer-Villiger (B-V) oxidation of
the resulting ketones to esters with HCOOH/H2O2. We expect to produce a mixture of
aromatic acids, phenols, and other monomers via hydrolysis of these esters.

Scheme 3. 1 Two-step oxidative approach to depolymerize Shatterbox milled kraft lignin
The structures and functionalities of different lignin samples were monitored using
2D-1H-13C-HSQC NMR and

31

P NMR spectroscopy. The HSQC NMR spectrum showed

minimal changes in kraft lignin after processing in the Shatterbox mill, but the subsequent
porphyrin oxidation step resulted in a dramatic simplification of the aliphatic region of the
HSQC spectrum. In addition, new and previously unobserved signals appeared in the
downfield margin of the aromatic region. And more interestingly, the products formed in this
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oxidation step could not be reduced back to the starting material by NaBH4. We found that
not only does the ring-and-puck mill induce significant changes more rapidly than does ballmilling, it also became clear that a significantly different set of reactions was occurring.

3.2 Results and Discussion

3.2.1 HSQC analysis
HSQC spectra of different lignin samples are shown in Figure 3.3. Frame I shows the
spectrum of kraft lignin (KL), and resonances corresponding to -O-4 (A),

-5 (B) and -

(C) linkages are observed.182, 183 After Shatterbox milling (SMKL, Frame II) it appears that
structural units of lignin are still visible and few new signals appear, although the intensity of
peaks corresponding to -5 (B) are slightly lower than in the starting kraft lignin (Frame I).
The decrease in intensity of resonances from -5 units is potentially due to aromatization of
the dihydrofuran ring during the milling progress, leading to a decreased peak intensity of B
and B. Additionally, partial oxidation of the -OH to aldehydes would cause a reduction in
the peak intensity of B, and aromatization of the dihydrofuran ring and oxidation of -OH in
a -5 lignin model were observed in our previous project,184 which is consistent with the
observation in the HSQC spectrum.
It is surprising that after TPPFeCl/tBuOOH oxidation on the Shatterbox milled KL,
all the units in the aliphatic region corresponding to -O-4 (A),

-5 (B) and - (C) are

absent (Frame III in Figure 3.3), indicating a number of reactions, presumably benzylic and OH oxidations, aromatization of the dihydrofuran rings, or C-O bond cleavage have occurred
that destroyed all these three linkages. This is quite different from what we saw in the case of
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porphyrin oxidation of ball-milled lignin, where cross peaks associated with oxidized-O-4
linkages are still present, though -5 (B) and -(C) cross peaks disappeared as well in the
previous study.178 This result implies that the material produced by Shatterbox milling is
significantly more reactive than material produced by ball milling.
To verify that lignin has been indeed oxidized, we treated the porphyrin oxidized
Shatterbox milled KL (OSMKL) with NaBH4. However, in striking contrast to our previous
observations with oxidized ball-milled lignin,178 none of the familiar resonances
corresponding to these three linkages reappeared in the aliphatic region (Frame V in Figure
3.3). This result indicated that additional reactions occurred during the course of the
oxidation, producing new structures that are not converted back to the original structures that
were present before oxidation.
Wang90 reported concerns over the effect of high temperatures generated during
mechanical milling of lignin could potentially destroy linkages, and therefore they performed
ball milling in 10 min intervals. Elevated temperatures can enable molecules to overcome the
solid-solid diffusion barrier;185 additionally, molecules can be deformed by mechanical impact
into a more reactive energy state.186 High temperatures may also drive elimination reactions,
resulting in enol ethers which is not reducible by NaBH4. Cleavage of C-O or C-C bonds
might have already happened during the porphyrin oxidation step, causing an irreversible
step. In contrast, oxidation of ball-milled lignin is reversible and the oxidized material can be
easily reduced by NaBH4 to reform the starting material.178
In our current work, we carried out the milling process in the Shatterbox mill for a
continuous 2h period, and we observed that the temperature of the sample cell increased
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during the run. Indeed, the sample cell rose from an initial temperature of 21 oC to 84 oC after
2h (temperature of the steel cell, observed with an optical thermometer). However, it seems
unlikely that this temperature is high enough to cause significant structural changes on the
lignin. Therefore, mechanical impact is likely the primary contributor to the observed
changes.
The positions of cross-peaks in the aromatic region of the HSQC spectrum (Figure
3.4) are sensitive to the oxidation state of the -carbon, and thus give direct evidence of
oxidation of the -carbon. Cross-peaks corresponding to the oxidized guaiacyl units (G': G'2,
G'5, and G'6) appear in much higher intensity after Shatterbox milling (Frame II') than those
in unmodified kraft lignin (Frame I'), especially G'6, which is nearly absent for unmodified
KL but significantly present for Shatterbox milled KL. This observation suggests that some
oxidations had happened during the milling process, analogous to the oxidation that we
observed during ball-milling of lignin.178 It is striking that almost all of the cross-peaks
associated with p-hydroxyphenyl and guaiacyl units disappeared after porphyrin oxidation.
While we do not observe the products formed from these moieties, it is possible that those
aromatic rings were converted to water-soluble dicarboxylic acids via oxidative hydroxylation
of the rings, followed by ring opening.187, 188
The dramatic simplification of the HSQC spectrum, with few, narrow resonances
rather than large numbers of cross peaks or broad “bands,” suggests that a smaller number or
a more narrow range of structures are present. Two new cross-peaks at ca. 130/8.5 ppm
(C/H) and 130/8.8 ppm (C/H) are present in the HSQC spectrum of porphyrin-oxidized
Shatterbox-milled kraft lignin (Frame III' in Figure 2) but both disappeared after NaBH4
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reduction (Frame V' in Figure 3.4). Protons in such uncommon chemical shift area (8.5 and
8.8 ppm) indicate that the products of Shatterbox milled material are very different from
materials produced by ball-milling, and that subsequent oxidation takes a dramatically
different path. NaBH4 reduction does not regenerate the spectrum of the material prior to
oxidation, indicating that unlike in ball-milled material, the oxidation is accompanied by
reactions that are not reversed by simple hydride reduction. And more interestingly,
disappearance of these two unusual peaks (cross-peaks at ca. 130/8.5 ppm (C/H) and 130/8.8
ppm (C/H)) after reduction is not accompanied by formation of identifiable aromatic
structures.

Figure 3. 3 HSQC spectra of different lignin samples (Aliphatic regions)
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Figure 3. 4 HSQC spectra of different lignin samples (Aromatic regions)

Tran41 reported a C-H proton at 8.21 ppm (in DMSO) in a pyran-4-one structure
which was produced from the DDQ oxidation of a - model compound (see Figure 3.5).
Unfortunately, the chemical shift of carbon of this cross-peak at 147.3/8.21 ppm (C/H) in
Tran’s HSQC spectrum is quite far away from what we observed (C = 130 ppm). Another
proton that can be at such downfield was from a ring-opened dicarboxylic acid product (H =
8.50 ppm),189 which has been produced by oxidization of a -5 model (Scheme 3.2) with an
iron complex in t-BuOOH (similar to our porphyrin oxidation system). We suspect that
structures similar to the pyran-4-one structure are formed in our case since dramatic decrease
of phenol content and no significant growth of acid content were observed from the 31P NMR
experiment (see Section 3.2.2 and Table 3.1, below); indicating that formation of diacids from
the opening of the aromatic ring is unlikely to have occurred.
O
O

O
HO
O

H

8.21 ppm

147.3 ppm

O
O

Figure 3. 5 Pyran-4-one structure reported by Tran41
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Scheme 3. 2 Ring-cleaved product from iron-complex oxidation of -5 model compounds189
Remarkably, other than cross peaks corresponding to methoxy groups (Frame IV in
Figure 3.3), no resonances from the familiar lignin structural units or linkages could be
identified in the aliphatic region of the HSQC spectrum of the ethyl acetate-soluble fraction of
the Baeyer-Villiger reaction mixture. Structural units associated with simple aromatic
oligomers (vanillic acid and other unknown oligomers) were observed in the aromatic region
(Frame IV' in Figure 3.4) which suggested that after Shatterbox milling and the two-step
oxidative process, very little recognizable lignin structure remains. It is notable that new
correlation peaks at ca. 70/3.9 (C/H) and 73/3.5 (C/H) appeared after NaBH4 reduction of
the porphyrin oxidized Shatterbox milled kraft lignin (Frame V in Figure 3.3) Neither of these
two peaks were observed in the HSQC spectrum of the similarly-treated ball-milled samples.

3.2.2 31P NMR analysis
The content and type of hydroxyl groups in lignin (phenols, 1o or 2o alcohols) can be
quantified via

31

P NMR after treatment of lignin with a phosphitylation reagent (2-chloro-

4,4,5,5-tetramethyl-1,3,2-dioxaphospholane) (see Scheme 3.3).190 Derivatization and

31

P

NMR were performed to analyze the content of hydroxyl groups in a set of milled and
milled/oxidized samples (Figure 3.6), and the results from each lignin sample are summarized
in Table 3.1.

82

Scheme 3. 3 phosphitylation reaction of different types of hydroxyl groups
After Shatterbox milling for 2h, the content of aliphatic hydroxyl groups and phenols
were significantly increased (Table 3.1). This observation is consistent with the fact that
cleavage of -O-4 linkages dominated when lignin was milled in the presence of solid base96
such as NaOH or KOH. Growth in the acid content is presumably due to air oxidation of
lignin during the milling process. Not surprisingly, the content of aliphatic hydroxyl groups
and phenols decreased dramatically after the porphyrin oxidation step. Lower acid content
after oxidation was not expected, nor was the lack of signals in the aliphatic region in

31

P

NMR spectrum (see blue trace in Figure 3.6) after the NaBH4 reduction. Notable growth in
the acid content was observed in the ethyl acetate-soluble portion after the porphyrin and
Baeyer-Villiger oxidations (Table 3.1), although the ethyl acetate-soluble portion (EA Sol.
OSMKL) no longer shows obvious features of lignin (see Frame IV in Figure 3.3 and Frame
IV' in Figure 3.4).
Table 3. 1 Hydroxyl group contents of different lignin samples
Hydroxyl group contents (mmol/g)
Aliphatic

Phenol

acid

KL

2.869

4.056

0.095

SMKL-2h

4.042

10.015

1.096

OSMKL-2h

0.412

0.974

0.081

Red. OSMKL-2h

n/a

n/a

n/a

EA Sol. OSMKL

1.092

2.190

2.156
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Figure 3. 6 31P spectra of different lignin samples
3.2.3 Baeyer-Villiger oxidation and derivatization

Each sample of porphyrin-oxidized Shatterbox milled lignin (milled for 15
min, 1h, 2h, and 3h) was subjected to Baeyer-Villiger oxidation with H2O2 and
HCOOH at room temperature for 48 h. The mixtures were filtered by gravity filtration
and both the water-soluble and water-insoluble (the filter cake) fractions were
extracted with ethyl acetate. Therefore, four fractions were produced from each
Baeyer-Villiger reaction mixture: material that is only water soluble, material that is
only ethyl acetate soluble, material that is both water and ethyl acetate soluble, and
material is that not soluble in either water or ethyl acetate. The amount of each
fraction is given in Table 3.2. Yields in the table represent weight percentages which
are calculated based on the masses of lignin produced from the porphyrin oxidation
step (OSMKL). Kraft lignin and ball-milled kraft lignin (milled for 48 h) were also
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treated under these two oxidation steps (porphyrin and Baeyer-Villiger oxidation) in
previous study,178 and materials obtained from untreated kraft lignin and from the
Baeyer-Villiger (B-V) oxidation of the porphyrin-oxidized ball-milled lignin were
also isolated by solubility into these above 4 categories. The amount of material in
each fraction is also given (see Table 2) for comparison.

Table 3. 2 Fractionation of B-V oxidation mixtures from Shatterbox milled lignin
samples by solubility
Only H2O

Both H2O and EA

Only EA

soluble

soluble

soluble

OSMKL-15 min

23.2%

18.9%

10.4%

6.5%

OSMKL-1h

21.1%

22.9%

14.3%

3.5%

OSMKL-2h

19.7%

22.2%

15.8%

3.6%

OSMKL-3h

21.7%

24.3%

16.6%

4.8%

Porp-oxidized KL

65%

19%

7%

12%

Porp-oxidized BMKL

44%

19%

6%

32%

insoluble

Milling time

The amount of lignin that remains insoluble after shatter milling (even only
Shatterbox milled after 15 mins) is quite low (below 10%). In comparison, more than 30% of
the lignin mass remained insoluble after extended ball-milling. The ethyl acetate-soluble
portion from shatter-milled lignin has significantly increased to 10%-16%, compared to only
0.2% produced from kraft lignin and 6% from ball-milled lignin, indicating that shatter-mill
process has more significantly changed the structure of lignin. The fraction of shatter-milled
material that is both water-soluble and ethyl acetate soluble was similar to the fraction of
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material from ball-milling, but we obtained a smaller fraction of material that was only watersoluble from shatter-milled lignin than from KL or from ball-milled lignin. While this could
be a direct result of the chemistry that occurs during the milling step, some or all of this
difference could be the result of different reaction temperatures in the B-V oxidation step. In
previous ball-milling project we heated the B-V oxidation solution mixture to 50 oC for 70h
but for the experiments summarized in table 3.2, we carried out the reaction at room
temperature over 48h to avoid decomposition of H2O2 or oxidation of aromatic rings.
Hydroxylation and oxidative opening of aromatic rings to form carboxylic acids at elevated
temperature was reported by Yin187 who found that 4-carbon dicarboxylic acids were
generated in up to 41% yield from a lignin model compound catechol when using 50% H2O2
at 260 oC in just 60s at pressures of 9-17 MPa. Since oxidation conditions were more harsh in
previous ball milling case, higher yields of water-soluble portion should be expected.
We also investigated the quantities of small aromatic molecules that can be isolated
from the ethyl acetate-soluble fraction, so these fractions were combined and derivatized with
BF3·OEt2 in MeOH to esterify any formed carboxylic acids. As we have previously observed
after the ball-milling process,178 two major products (see Figure 3.7), methyl 5-carbomethoxyvanillate and methyl vanillate (3-I and 3-II) were isolated from each mixture. Yields of 3-I
and 3-II from derivatization of ethyl acetate-soluble portion were shown in Table 3.3.

Figure 3. 7 Structures of 3-I and 3-II
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Table 3. 3 Yields of 3-I and 3-II from derivatization after Baeyer-Villiger oxidation
Milling time

3-I

3-II

15 min

0.6%

2%

1h

0.7%

1.4%

2h

0.7%

4.0%

3h

0.6%

3.5%

Porp-oxidized KL

0.2%

1.5%

Porp-oxidized BMKL

2.2%

7.8%

3.3 Conclusions

In this study we applied a mechanochemical approach, using ring-and-puck milling in
a Shatterbox with KOH in a solvent-free system to promote lignin degradation. In order to
analyse how milling time affects the structure changes during milling progress, different
lignins were isolated from four-time intervals (15 min, 1h, 2h, 3h). We investigated how
large-scale ring-and-puck milling would affect the success of a two-step oxidative lignin
deconstruction strategy which we previously employed small-scale ball-milling. We
monitored changes in lignin structure and functionality using 2D-1H-13C-HSQC and 31P NMR
spectroscopy.
31

P NMR indicated that 2 hours of ring-and-puck milling can generate significant

amounts of aliphatic OH’s and phenols, which is consistent with the fact that milling in the
presence of KOH can cleave a significant number of the -O-4 linkages. The content of
aliphatic hydroxyl groups and phenols decreased dramatically after TPPFeCl/t-BuOOH
oxidation, although we were surprised that the acid content does not increase significantly.
Shatterbox milling followed by porphyrin oxidation yielded a structural change which cannot
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be reversed by NaBH4 reduction. After Baeyer-Villiger oxidation, the ethyl acetate-soluble
portion of the mixture gave higher acid content, though less features of lignin remained.
The absence of cross-peaks associated with aliphatic units, and the notable
disappearance of signals in the aromatic region in the HSQC Shatterbox milling indicates a
significantly different set of reactions than does ball-milling. In addition, subsequent BaeyerVilliger oxidation produced a remarkable increase of the ethyl acetate-soluble portion and a
decrease in the amount of insoluble solid. Moreover, the amount of each fraction (both
soluble and insoluble portions) tend to be constant with respect to time. Extending the milling
time from 1 h to 3 h did not give significant growth of each fraction, indicating that the
structural change was probably complete within 1 h. A short 2-hour period of Shatterbox
milling produced nearly the half the amount of vanillic acid (isolated as the methyl ester) as
an extended 26-hour period of ball-milling.

3.4 Experimental Section

3.4.1 Mechanochemical treatment of KL to SMKL
Milling was carried out in a SPEX 8530 Shatterbox equipped with a ring-and-puck
milling sample container. Kraft lignin (12 g) was milled with KOH (6 g) (KL/KOH = 2:1
w/w). Certain amounts of Shatterbox milled kraft lignin were taken out after 15min (3.67 g),
1h (3.75 g), 2h (4.74 g), and 3h (4.52 g), respectively. These Shatterbox milled lignin’s were
dispersed in water and then acidified with 0.2 M HCl until precipitates appear. The
precipitated lignins were recovered by vacuum filtration, washed with deionized water until
pH was 7, and then dried in a vacuum oven at 80 oC for 14 h. The amount of recovered
88

Shatterbox milled lignins were as follows: 15 min (2.31 g), 1 h (2.31 g), 2 h (2.80g), and 3 h
(2.59 g). Total mass recovery: 16.68 g, 92.6%; Lignin recovery: 10.01 g, 83%.

3.4.2 Porphyrin oxidation of Shatterbox milled lignin
A mixture consisting of TPPFeCl (26 mg), t-BuOOH (70% in water, 10 mL),
phosphate buffer (pH 3, 30 mL), and 30 mL MeCN for every 1 g of Shatterbox milled lignin
was stirred overnight at room temperature. The mixture was acidified with 0.2 M HCl until
precipitate appeared. The precipitate was washed with deionized water until the pH of
washing solutions was 7, and then dried in a vacuum oven at 80 oC for 14 h.
15 min: 2 g of Shatterbox milled lignin was used, 1.30 g oxidized lignin recovered,
yield 65%.
1h: 2 g of Shatterbox milled lignin was used, 1.55 g oxidized lignin recovered, yield
78%.
2h: 2 g of Shatterbox milled lignin was used, 1.90 g oxidized lignin recovered, yield
95%.
3h: 2.09 g of Shatterbox milled lignin was used, 1.43 g oxidized lignin recovered,
yield 71%.

3.4.3 Reduction of porphyrin-oxidized Shatterbox milled lignin
A mixture consisting of 1.4 g porphyrin-oxidized 2h-Shatterbox milled kraft lignin,
and 1.36 g NaBH4 was stirred at room temperature for 24 h in methanol. HCl (0.2 M) was
added to quench the reaction until precipitate appeared. The precipitate was washed with
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deionized water until the pH of washing solutions was 7, and then dried in a vacuum oven at
80 oC for 14 h. Reduced lignin: 0.78 g, 56%.

3.4.4 Baeyer-Villiger oxidation
A mixture consisting of 3.4 mL H2O2 (30%), 2 mL HCOOH (95%), and 2.7 mL H2O
for every 1 g of porphyrin-oxidized Shatterbox milled lignin was stirred at room temperature
for 48 h. Deionized water was added until the pH was 4, and the mixture was filtered by
gravity filtration. Water-insoluble and water-soluble portions were each extracted with ethyl
acetate (3 x 30 mL). The residue from ethyl acetate extraction of the water-insoluble fraction
was filtered by gravity filtration, washed with ethyl acetate, then dried in a vacuum oven at 80
o

C for 14 h.
The combined ethyl acetate-soluble layers were dried with anhydrous Na2SO4 and

evaporated in vacuo to produce a crude brown oil, then the resulting oil was derivatized with
BF3·OEt2 (0.2 mL) in MeOH (20 mL) for every mmol substrate (calculated based on methyl
vanillate) at 80 oC for 6 h. Water was added after evaporation of solvent and the solution was
extracted with ethyl acetate (3 x 30 mL). The combined organic layers were dried with
anhydrous Na2SO4, evaporated in vacuo and purified by chromatography on silica gel
(hexane/ethyl acetate = 3:1) to give 3-I and 3-II, respectively. Yields were calculated based
on the mass of the amount of porphyrin-oxidized Shatterbox milled lignin used.
15 min: 1 g of porphyrin-oxidized Shatterbox milled lignin was used, 3-I (6 mg,
0.6%),3-II (20 mg, 2%) were produced.
1h: 1 g of porphyrin-oxidized Shatterbox milled lignin was used, 3-I (7 mg, 0.7%), 3II (14 mg, 1.4%) were produced.
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2h: 1.5 g of porphyrin-oxidized Shatterbox milled lignin was used, 3-I (7 mg, 0.7%),
3-II (40 mg, 4%) were produced.
3h: 1 g of porphyrin-oxidized Shatterbox milled lignin was used, 3-I (6 mg, 0.6%), 3II (35 mg, 2%) were produced.

3.4.5 HSQC
1

H13C-gradient heteronuclear single quantum coherence spectra (gHSQC) were

collected at 400 MHz (and 100 MHz 13C) on a Varian 400 MR NMR spectrometer (VarianAgilent, Palo Alto CA) equipped with a ATB 5 mm probe at room temperature. The 13C1H
correlation experiment was collected using the Agilent pulse program ‘gHSQC’ which
implements a gradient-selected phase-sensitive heteronuclear single quantum coherence
spectrum. Spectra were collected with spectral widths of 4800 Hz (1H) and 22 KHz (13C)
using an acquisition time of 150 ms (F2, 721 complex points for 1H) and 150 ms (F1, 128
increments for the 13C dimension). At least 392 scans were taken per increment using a delay
of 0.65 s.
Data were processed using TopSpin (Mac version 4.0.3). Processing used typical sine
bell (90o) in F2 and squared sine-bell (90o) in F1. The DMSO solvent peak was used as an
internal reference (δC 39.5 ppm, δH 2.5 ppm) and spectra are displayed in absolute value mode
and color coded (in Adobe Illustrator CC 2018) using authentic or literature reference
standards. In all cases lignin samples were made using >100 mg of sample and ~1 mg
Cr(acac)3 dissolved in ~750 μL DMSO-d6/Pyridine-d5 (4:1). Relative linkage percentages
were determined via volume integration of the αC-H.
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3.4.6 31P NMR experimental
31

P NMR was carried out on a Varian (Agilent) Inova 400 MHz spectrometer

equipped with a ASW (4Nuc) probe tuned to 162 MHz. The acquisition time was set to 81 ms
and the relaxation delay was set to 25 s in order to ensure complete relaxation of the nuclei
between scans. In all cases, 16-32 scans were collected and the spectra were reference to the
phosphitylated internal standard (152 ppm). Integration regions were held standard for each
sample and were as follows: internal standard (152.5-151.5 ppm), aliphatic alcohol (150-145
ppm), phenolic hydroxyl (145-136 ppm), carboxylic acid (136-133 ppm).
Samples were prepared as follows: To an NMR tube 40 mg of lignin (accurately weighed)
was added along with 500 μL of pyridine-d5: CDCl3 (1.6/1 v/v). Then 200 μL of internal
standard solution (endo-N-hydroxy-5-norbornene-2,3-dicarboximide, 50 mmol/L in pyridined5/CDCl3 1.6/1 v/v) and 50 μL of Cr(acac)3 solution (11.4 mg/mL in pyridine-d5/CDCl3 1.6/1
v/v) were added to the NMR tube. Once the lignin samples were dissolved (via sonication and
mild heating), 100 μL of phosphytilation reagent (2-chloro-4,4,5,5-tetramethyl-1,3,2dioxaphospholane) was added. In the case of oxidized lignins, 40 mg of oxidized lignin
(accurately weighed) was added to 300 μL of DMF and 200 μL of pyridine-d5. Then 200 μL
of internal standard solution, 50 μL of Cr(acac)3 solution, and 125 μL of CDCl3 were added.
Once the lignin samples were dissolved, 100 μL of phosphytilation agent was added. Note,
NMR spectra were collected within 1 hour of addition of the phosphytilation reagent in order
to ensure that the sample had not degraded.
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Chapter 4 Toward valorisation of lignin: Investigation of lignin and lignin derived
materials as building blocks for epoxy resins
Disclaimer: Portions of this chapter was taken from the following paper:
Z. Fang, M. C. Weisenberger and M. S. Meier. Towards valorisation of lignin: Investigation
of lignin and lignin-derived materials as building blocks for epoxy resins (ACS Sustainable
Chem. Eng., submitted)
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4.1 Introduction

Epoxy resins have been widely used as structural adhesives, protective coatings, and
in other applications due to their excellent thermal and mechanical performance. Bisphenol A
(BPA) is the most widely used building block in the epoxy resin industry103 but recently,
concerns about the potential toxicity associated with BPA have limited its application. BPA is
suspected to be an endocrine disruptor104 and it can increase incidence of obesity, heart
disease, diabetes and other diseases.105 Therefore, replacement of bisphenol A-based epoxy
resins with less hazardous monomers, especially monomers derived from sustainable and
renewable resources rather petroleum-derived materials, is strongly preferred as production of
BPA heavily relies on substantial petroleum-derived products.106
Thermosetting materials derived from renewable sources,191 especially from
feedstocks composed of aromatic units111 have drawn great attention recently because the
stability and rigidity of aromatic monomers would contribute to the high thermal and
mechanical performance of thermosets.112 Lignin, the most abundant natural biopolymer
composed of aromatic units, is one of the most attractive renewable materials. Lignin is a
three-dimensional polymer produced from through three building blocks, known as syringyl
(S), guaiacyl (G), and p-hydroxyphenyl (H) units (Fig. 1.3).10, 16
Multiple functional groups are usually present in raw lignin including phenols,
aliphatic hydroxyls and carboxylic acids,16 and many of these can used to introduce
epoxides.192 Thermal and mechanical studies of thermosets utilizing raw and functionalized
lignin,10, 108, 193 and degraded lignin194 have been reported. Although the high molecule mass
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and poor solubility of raw lignin usually limits its utilization, application of monomer streams
obtained from lignin degradation is both environmentally and economically feasible in epoxy
resins preparation since these monomer streams usually carry hydroxyl groups8, 10 (phenols,
carboxylic acids) that are reactive in epoxide synthesis.
Earlier studies have reported the synthesis and characterization of epoxy resins from
lignin and lignin-derived materials. Lignin has been exploited as the precursors of different
types of polymeric materials such as polyesters,102,
epoxies.192-194,

199-203 204, 205

.

195, 196

polyurethanes,100,

197, 198

and

Investigation of the properties of epoxy resins from model

compounds that potentially can be obtained from decomposition of lignin have been reported,
where model compounds including vanillin,111,
eugenol),206,

207

lignin-derived phenols202,

208

112

2-methoxy-4-propylphenol (iso-

and C2-acetals.209 These are very reasonable

model systems, considering that in work by several groups,8, 10, 16, 117 including our previous
work on cleavage of -O-4 model compounds121 and on ball milled kraft lignin,178, 210 various
phenols (i.e. guaiacol, vanillic alcohol, syringol) or phenolic acids (i.e. vanillic acid, veratric
acid), or mixtures of aromatic streams are typically formed. However, the economics of lignin
utilization improve if the cost of pre-treatments (deconstruction, chemical modification) can
be held to a minimum, and this argues for the development of uses for raw lignin or for uses
of lignin that has been subject to the fewest, least expensive modifications.
In this study, kraft lignin (KL) was Shatterbox-milled (with a ring-and-puck Spex
8530 Shatterbox) for 15 minutes, as mechanochemical pre-treatment is known to increase the
hydroxyl content in lignin.210 Both KL and Shatterbox-milled KL (SMKL) were treated with
epichlorohydrin to produce the corresponding glycidyl ether, KL-epoxide and SMKL95

epoxide, respectively (Fig 4.1). We then prepared blends of these materials with a commercial
BPA-based resin (EPON 826), curing agent (NMA), and an amine initiator (BDMA), as
shown in Fig 4.1. Cured samples of these mixtures were then examined to determine how the
substitution of lignin-derived material affected the thermal and mechanical properties.

Figure 4. 1 Formation of KL-epoxide, SMKL-epoxide and structures of NMA and BDMA

Earlier, we determined that mechanochemical processing can significantly increase
the yield of monomeric products from the two-step oxidative deconstruction of lignin ,178, 210
so we used this approach to prepare samples of oxidized lignin for use in epoxy resins.
Shatterbox milled kraft lignin was subjected to the two-step oxidative degradation strategy
(FeTPP/tBuOOH, followed by Baeyer-Villiger oxidation with formic acid and hydrogen
peroxide), and the resulting ethyl acetate soluble portion was treated with epichlorohydrin to
produce corresponding epoxides (glycidyl ethers). Thermal and mechanical properties studies
of thermosets prepared from these epoxides were also investigated and compared with
BADGE-based resins.
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We also focussed on utilization of three representative monomers that can be
produced after more complete lignin deconstruction: vanillic acid (IV-1), 3,4dimethoxybenzoic acid (IV-2) and p-hydroxybenzoic acid (IV-3) (see Scheme 4.1). These
three acids were treated with epichlorohydrin to produce corresponding epoxides (see Scheme
4.1) and these were blended with NMA and BDMA (see Fig. 4.1) to prepare different
thermosets.
O
COOH

COOH

COOH
O

OCH3
OH
IV-1

OCH3
OCH3
IV-2

O

Cl

O

O

OCH3

O

OH
IV-3

O

O
O

O

OCH3
OCH3

IV-4

IV-5

O

O

O
O
IV-6

Scheme 4. 1 Model compounds (IV-1, IV-2, IV-3) and corresponding epoxides (IV-4, IV-5,
IV-6)

Differential scanning calorimetry (DSC), thermogravimetric analyses (TGA) and
dynamic mechanical analysis (DMA) were performed to examine both the thermal and
mechanical properties of the resulting polymers. Bisphenol A diglycidyl ether (BADGE)
based epoxy resins (EPON 826) were used for comparison to investigate how the properties
of the cured resins differed from commercial epoxy systems. We hoped to identify whether
materials prepared from these mono-aromatic epoxides can partially (or fully) substitute for
BADGE-based materials in epoxy resins. Thermal and mechanical properties of thermosets
composed of different combinations of those epoxides (IV-4, IV-5, IV-6) were examined as
well, since a mixture of monomeric compounds with different functional groups usually exist
in the products stream of lignin degradation, therefore we can understand whether isolation
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and purification of each component in the monomers stream is essential or if it can be
avoided.
In addition, we investigated the preparation of BPA and BPF analogues, using ligninderived aromatics as the starting material rather than phenol. The structures of commercial
BPA or BPF-based resins suggest the importance of the “bridge” between the two aromatic
rings in determining material properties (Fig. 4.2), as either the isopropyl bridge or the
methylene bridge affects the degree of mobility and rotational freedom of the polymer
backbone.113, 211

Figure 4. 2 Structures of BPA and BPF

Therefore, beginning from acids IV-1 - IV-3, bis-aromatic acids consisted of “bridge”
were synthesized in our study. These BPA and BPF analogues were utilized to compare to
commercial products and we also investigated how polymers from bis-aromatic epoxides
differ from polymers from mono-aromatic epoxides IV-4 – IV-6.

4.2 Materials and methods

4.2.1 Synthesis of model epoxides

Followed the procedures of Fache,111 epoxides IV-4 - IV-6 were prepared from
glycidylation of aromatic acids IV-1 - IV-3 with epichlorohydrin.
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Conventional synthesis of bisphenol (BPA or BPF) involves an excess amount of
phenol and a bridging molecule (acetone or formaldehyde), as shown in Scheme 4.2.

Scheme 4. 2 Conventional synthesis of bisphenols

Availability of the position para- to the phenolic hydroxyl group is essential in
generation of BPA analogues. Removal of carboxylates in this position can be achieved
decarboxylation of acid IV-2 (vanillic acid) to guaiacol and of acid IV-3 (p-hydroxybenzoic
acid) to phenol can be achieved with cucumber juice (obtained from cutting the fresh green
cucumbers into slices, followed with grinding and filtration) in 80% and 75% yield,
respectively.212 Bisphenols formed from guaiacol with isopropylene bridges213 and with
methylene bridges211, and properties of epoxy resins based on these resulting bisphenols have
been reported as well. Alternatively, conversion of vanillic acid into creosol by reducing the
carboxylic acid to a methyl group214 facilitated the formation of the dimeric compound.215
Bisphenol compounds IV-7 and IV-9 (see Scheme 4.3) were previous reported216-218 but
epoxy resins prepared from these bisphenols were not reported. Following these ideas, we
prepared two BPF-type diglycidyl ethers IV-8 and IV-10 (see Scheme 4.3).
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Scheme 4. 3 Synthesis of diglycidyl ether IV-8 and IV-10

4.2.2 Preparation of epoxy thermosets
KL, SMKL, KL-epoxide, SMKL-epoxide were each blended to replace 50% (w/w)
BADGE resin, mixed with NMA and BDMA in a mass ratio 1:0.8:0.08, then hand-stirred at
room temperature for 1 min. The glycidyl ether of the ethyl acetate soluble portion (GE-EAS)
derived from Shatterbox-milled kraft lignin after the two-step oxidative approach was
prepared and utilized as a partial replacement for BADGE resin as well.
A group of epoxy thermosets prepared from epoxides IV-4 - IV-6 were prepared207 to
compare their thermal properties to commercial BADGE-based epoxy (EPON 826).
Individual epoxides IV-4 - IV-6 and BADGE were each mixed with NMA and BDMA in a
molar ratio of 1/0.8/0.08 and then hand-stirred at room temperature to obtain a homogenous
mixture. In addition, a 1:1:1 molar mixture of IV-4 - IV-6 was mixed with NMA and BDMA
in an effort to determine whether it is necessary to isolate pure individual monomers from
complex product streams from deconstructed lignin, since purification can be difficult and
costly. We also replaced 50% (molar ratio) of BADGE with compounds IV-4 - IV-6 to study
how the thermal properties change. Similarly, thermosets consisting of diglycidyl ethers IV-8
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and IV-10 were prepared to compare to a commercial BPF-based resin (EPON 862). EPON
862 was blended (50% molar ratio) with diglycidyl ether IV-8 and with IV-10 to investigate
how the properties of the cured resins were affected.
DSC analyses of these thermosets was performed immediately after mixing. The rest
of the uncured materials were poured into a Teflon mold (length: 35 mm, width 5 mm,
thickness: 5 mm). Any trapped air was removed in vacuo overnight, and then all thermosets
were cured at 150 oC for 1h and post-cured at 100 oC for 1h. Cured samples were cut and
shaped into desired dimensions (length: 30 mm, width 5 mm, thickness: 1.5 mm) for DMA
analysis. The remaining portions of cured samples were used for further DSC and TGA
analysis.

4.2.3 Test methods

(1) Differential scanning calorimetry (DSC):
The curing behaviour of all thermosets was evaluated on the TA Q20 calorimeter
under N2 flow (50 mL/min) from -20 to 250.00 °C at a heating rate of 10.00 °C/min. A heatcool-heat method was used from -20 to 180 °C at the same heating rate to determine the glass
transition temperatures (Tg) for specific samples.
(2) Thermogravimetric analyses (TGA):
Weight loss of all cured thermosets was evaluated on a TA Q5000 thermogravimetric
analyser under air flow (25 mL/min) from room temperature to 700.00 °C at a heating rate of
20.00 °C/min in a platinum pan.
(3) Dynamic Mechanical Analyses (DMA):
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Dynamic mechanical analyses were conducted in single cantilever mode on a TA
Q800 instrument under an N2 atmosphere from room temperature to 225 °C at a heating rate
of 3.00 °C/min with a constant frequency of 1 Hz. Glass transition temperatures (Tg) were
determined as the peak temperature of tan curves.

4.3 Results and discussion

For convenience, DSC, TGA and DMA analysis of BPA-typed epoxy resins
(prepared from KL, SMKL, KL-epoxide, SMKL-epoxide, GE-EAS and epoxides IV-4, IV-5,
IV-6) and BPF-typed epoxy resins (prepared from epoxides IV-8 and IV-10) was discussed
below separately.

4.3.1 Epoxy resins prepared from KL and Shatterbox milled KL (SMKL)
4.3.1.1 DSC analysis
DSC data including the temperatures of polymerizations (Tp) and enthalpies of
reactions (H) were recorded.
In all cases, when 50% (w/w) of BADGE resin was replaced by KL, SMKL, KLepoxide and SMKL-epoxide, they still cured with NMA and BDMA (See Fig. 4.3). The
enthalpies (H, obtained by integration of the exothermic peaks using TA Universal Analysis
software) of each curing reaction were significantly lower than the enthalpy observed in
curing reactions with neat BADGE resin, NMA, and BDMA, which indicated a considerable
drop in the number of cross-links formed during curing (Table 4.1).
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Figure 4. 3 DSC analysis of curing reaction from thermosets constituted of KL and SMKL

Table 4. 1 DSC data of different lignins cured with NMA and BDMA
Tp (o C) H (J/g)

Monomers
BADGE

141



BADGE/KL

145

156

BADGE/SMKL

136

76

BADGE/KL-epoxide

139

173

BADGE/SMKL-epoxide

127

70

4.3.1.2 TGA analysis
TGA analysis of these thermosets in air flow were performed to evaluate the thermal
stability. Degradation temperatures of each thermoset corresponding to 5% weight loss (T5%)
and maximum degradation rate (Tmax) are summarized in Table 4.2 and Fig. 4.4.
Thermal stability of thermosets from raw lignin samples (Table 4.2) was measured in
an air atmosphere over a temperature range of 0 ˚C to 700 ˚C. Multiple processes, manifest as
more “inflections,” were observed from the thermal degradation curves, (Fig. 4.4) reflecting
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decomposition of different functionalities existing in these lignin materials compared to neat
BADGE-based resins, although all samples generally followed a 2-step degradation profile.

Figure 4. 4 Thermal degradation of different lignin samples cured with NMA and BDMA

In general, the lignin- and lignin-derived materials led to thermosets that began to
decompose at lower temperatures than thermosets made from the commercial BADGE resin
and throughout most of the temperature range, the thermosets composed of the commercial
resin retained more mass than did the blends. This is likely due to the abundance of aliphatic
alcohols and other lignin-derived structures that can thermally decompose and oxidize
readily, combined with the lower crosslink density that produces a more flexible material that
can be more easily accessed by oxygen.
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Table 4. 2 Temperatures of thermal degradation (T5% and Tmax) of thermosets prepared from
different monomers
T5% (oC) Tmax (oC)

Monomers
BADGE

345

410

BADGE/KL

222

506

BADGE/SMKL

192

478

BADGE/KL-epoxide

184

392

BADGE/SMKL-epoxide

182

512

4.3.1.3 DMA analysis
In general, modulus can be defined in the context of Hooke’s law as Modulus =
Stress/Strain. Depending on the nature of the deformation, it can be a tensile modulus,
bending modulus, or shear modulus.219 Storage modulus reflects the elastic response
characteristics of the material, while loss modulus reflects the viscous response. The ratio of
the two is equal to tan  which reflects overall damping properties. A typical curve to show
the modulus and tan  from DMA test are shown in Fig 4.5 and Fig 4.6.219 A typical single
cantilever220 is shown in Fig. 4.7.

Figure 4. 5 A typical modulus curve from DMA test
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Figure 4. 6 A typical tan  curve from DMA test

Figure 4. 7 A schematic image of single cantilever

Cured polymers based on EPON 826 and KL and on EPON 826 and SMKL were too
delicate to be cut and shaped into desired dimensions for DMA testing, and this fragility is
likely another manifestation of a low degree of crosslinking. As a result, the storage modulus
(E’) could not be observed from these materials. Glass transition temperature (Tg) was
recorded by DSC using a heat-cool-heat method over a temperature range of -20 to 180 °C at
a heating rate of 10 oC/min.
Not surprisingly, thermosets prepared from the highly optimized commercial
BADGE-based resin system show a much higher glass transition temperature (146 oC) than
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any of the lignin-based or synthesized monomer-based resins. Replacement of BADGE resin
with 50% (w/w) KL, SMKL, KL-epoxide or SMKL-epoxide dramatically dropped the glass
transition temperatures and interestingly all of their Tg were around 74-75 oC (Table 4.3).

Table 4. 3 Glass transition temperatures (Tg) of thermosets prepared from KL and SMKL
Monomers

Tg (oC)

BADGE

146

BADGE/KL

74

BADGE/SMKL

74

BADGE/KL-epoxide

75

BADGE/SMKL-epoxide

75

4.3.2 Epoxy resins prepared from GE-EAS
4.3.2.1 DSC analysis
In contrast, compared to thermosets from KL and SMKL, lower curing temperatures
and slightly higher H were recorded (Table 4.4) when using GE-EAS or a mixture of
BADGE/GE-EAS. More reactive sites should have generated after two-step oxidative
approach.

Table 4. 4 DSC analysis of thermosets from GE-EAS
Tp (oC) H (J/g)

Monomers
BADGE

141

213

GE-EAS

115

181

BADGE/GE-EAS (1:1)

121

179

107

4.3.2.2 TGA analysis
Though thermal stability is still much poorer than commercial BADGE-based epoxy
resin, slightly higher T5% was observed when utilizing the mixture of BADGE/GE-EAS
compared to utilization of KL and SMKL.
Polymers composed of glycidyl ethers of the lignin-derived ethyl acetate soluble
fractions (GE-EAS) are less thermally stable, even when 50% (molar ratio) of BADGE was
blended into the GE-EAS portion. The lack of stability suggests poor cross-linking density
due to very low hydroxyl content left in the ethyl acetate soluble portion after kraft lignin was
Shatterbox milled and treated with the two-step oxidative approach.210 Multiple-step
degradation events in these non-rigid structures were taking place in these thermosets at 200600 oC, as more peaks and shoulders indicated in the TGA curve (see Fig. 4.8).

Figure 4. 8 Thermal degradation of thermoset from GE-EAS
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Table 4. 5 Thermal degradation of thermosets from GE-EAS
T5% (oC) Tmax (oC)

Monomers
BADGE

345

410

GE-EAS

206

405

BADGE/GE-EAS

242

412

4.3.2.3 DMA analysis
Similarly, cured thermosets from GE-EAS is too delicate to be shaped into desired
dimensions to test storage modulus, so does even when using the mixture of BADGE/GEEAS (50/50, w/w). Glass transition temperatures (Tg) of these materials were determined by
DSC as well. In contrast, blending 50% (w/w) GE-EAS into BADGE gave much higher Tg
(101 oC) than from those KL or SMKL based thermosets.

Table 4. 6 Glass transition temperatures of thermosets from GE-EAS
Monomers

Tg (oC)

BADGE

146

GE-EAS

57

BADGE/GE-EAS

101

4.3.3 BPA-type epoxy resins prepared from monomeric materials (IV-4, IV-5 and IV-6)
4.3.3.1 DSC analysis
All the resin mixtures, including BADGE, showed very similar curing behaviour,
with peaks at similar temperatures, as shown in Table 4.7, suggesting that the underlying
epoxy resin chemistry is essentially unchanged. Exothermic processes associated with
polymerization are between 130-142 oC and slightly vary with the specific epoxies used but
are very close to the temperature of the polymerization reaction of neat BADGE (Tp=141 oC).
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Thermosets composed of epoxide IV-4 displayed endothermic peaks around 45-70 oC (see
Fig. 4.9) which is assigned to the melting progress of monomer IV-4 (m.p. 77 oC).111
Blending monomer IV-4 with the curing agents afforded a non-homogenous mixture initially
and an obvious exothermic peak was observed once the mixture became homogenous at high
temperatures.

Figure 4. 9 DSC analysis of curing reaction from thermosets constituted epoxide IV-4
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Table 4. 7 DSC data of different epoxies cured with NMA and BDMA
Monomers
BADGE

Tp (oC)

H (J/g)

141

213

130

199

142

159

130

195a

238

BADGE/ IV-4 (1:1)

135

276

BADGE/ IV-5 (1:1)

133

131

BADGE/ IV-6 (1:1)

136

227

IV-4/ IV-5/ IV-6 (1:1:1)

136

IV-4/ IV-6 (1:1)

138

209a

215

30a

20a

200

Tg and H for a second, higher temperature process that
was observed in these samples.
a

Enthalpies of polymerization reactions are shown in Table 4.7. Due to fewer crosslinking sites in mono-epoxide resins IV-5 (163 J/g) and BADGE/ IV-5 (131 J/g),
polymerization enthalpies are lower in these cases when compared to samples prepared from
bis-epoxide resins or neat BADGE. Much lower heat of reaction was also observed from
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curing of IV-6 (41 J/g) and IV-4/ IV-5/ IV-6 (25 J/g), at exothermic temperature of 196 oC
and 210 oC, respectively (see Table 4.7). The multiple peaks are associated with different
reactions during curing progress.221 Interestingly, this phenomenon was not observed in other
samples. It’s important to know that exothermic peaks and heat of polymerization from mixed
bis-epoxides resins or from BADGE-blended resins do not differ dramatically from those
observed from curing of resins containing neat BADGE, and even significant higher
enthalpies of reaction were detected from polymer resins prepared from BADGE/ IV-4 (1:1).
Lower enthalpies would indicate a lower degree of cross-linking and H’s were observed in
similar range (except for the mono-epoxide case) again imply that the underlying epoxy resin
chemistry is unchanged.
4.3.3.2 TGA analysis
All of these new thermosets are stable in air until 230 oC, at which point they undergo
rapid oxidation (combustion) and leave almost no residue by 700 oC. Most of the resin
mixtures that include lignin-derived material virtually indistinguishable from the commercial
epoxy resin system. All the thermosets exhibit a 2-step degradation profile: one process in
the range of 230 - 450 ˚C and another in the range of 450 - 650 oC, as shown in Fig. 4.10. The
first degradation, producing a dramatic 60% weight loss is likely associated with the breaking
of aliphatic chains and loss of water, carbon monoxide, carbon dioxide or other pyrolysis
products.222 The second weight loss (> 450 oC) is presumably due to the oxidation of C-C
linkages between lignin units and functional groups (such as carbonyls, phenolic hydroxyl
groups),223 or related to destruction of aromatic rings.222
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Figure 4. 10 Thermal degradation (T5% and Tmax) of monomers cured with NMA and BDMA,
measured in an air atmosphere.

Again, not surprisingly, thermosets made from resins that included mono-epoxide IV5, including the mixture IV-4/ IV-5/ IV-6 (in Fig. 4.10a), mono-epoxide IV-5 alone, and the
mixture BADGE/ IV-5, (in Fig. 4.10b) are the least thermally stable of the thermosets
studied, presumably due fewer cross-links than found of other bis-epoxide based resins.112
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Degradation temperatures of these three thermosets corresponding to 5% weight loss are less
than 300 oC, while that of the rest are all higher than 300 oC. Material with lower cross-link
density requires less energy to destroy the structures, yielding lower degradation
temperatures. The thermal stability of resins based on bis-epoxides is comparable with
commercial BADGE-based resin (EPON 826, Miller-Stephenson) though their degradation
temperatures associated with 5% weight loss are slightly lower. Tmax degradation temperatures
of these polymers are in the range 369-413 oC.
4.3.3.3 DMA analysis
The temperature dependence of the storage modulus (E’) and tan  are shown in Fig.
4.11 and Fig. 4.12. The glass transition temperatures (Tg) were recorded as the peak
temperature of the tan



curve and are summarized in Table 4.8.

Figure 4. 11 Storage modulus of thermosets from different monomers
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Figure 4. 12 Tan  curves of thermosets from different monomers

Table 4. 8 Glass Transition temperatures (Tg) of thermosets from different monomers
Monomer

Tg (oC)

BADGE

146

IV-4

115

IV-5*

55

IV-6

120

BADGE/ IV-4 (1:1)

119

BADGE/ IV-5 (1:1) *

58

BADGE/ IV-6 (1:1)

113

IV-4/ IV-5/ IV-6 (1:1:1)

98

IV-4/ IV-6 (1:1)

123

*

: Tg was determined by DSC

The storage modulus (E’) of all the resins was located between 2.5 to 3.3 GPa at
room temperature (25 oC) and dropped to near 0 at temperatures between 80 ˚C and 150 oC.
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The storage modulus of the BADGE-based resin was relatively stable until about 125 oC,
while the storage modulus of all other resins dramatically decreased to almost 0 by this
temperature, at which they essentially lost all tendencies to return to the original shape.
Not surprisingly, the highly optimized commercial BADGE-based resin has a much
higher glass transition temperature (146 oC) than all of the lignin-based or synthetic
monomer-based resins. It is interesting that neat IV-4-based resin has slightly lower glass
transition temperature than IV-6-based polymer. The only difference between monomers IV4 and IV-6 is the presence of a methoxy group ortho- to the glycidyl ethers in IV-4, but it has
been reported that an ortho-methoxy group can lead to a decrease in Tg due to more rotational
freedom of polymer backbone during heating as the extra methoxy group produces a
relatively poorer “packing” order.211 Bis-epoxide IV-4, prepared from vanillic acid, has a
higher melting point (77 oC) and this led to poor miscibility with NMA and finally yielded an
inhomogeneous and pliable structure with a relatively slightly low Tg.
Sample homogeneity is reflected in the width of the tan  peak; the narrower and
sharper the peak, the more homogeneous the sample. It is clear from Fig. 4.12 that the
commercial BPA-based resin has a sharp, symmetrical tan  peak, indicating its high
homogeneity. Rest of the samples all exhibit relatively broad peaks, especially the peak from
IV-4-based polymer. The breadth of the tan  peak in the IV-4-based polymer is likely due to
the poor dispersion of IV-4 in the curing agent, leading to a less homogeneous polymer.
The resins that composed of neat mono-epoxide IV-5 and GE-EAS were too delicate
to be cut into the required rectangular dimensions for DMA measurements, and replacement
of 50% of the IV-5 with BADGE did not harden the sample sufficient for cutting. This
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behaviour is consistent with low molecular weight material. Accordingly, the Tg of thermosets
prepared from IV-5, BADGE/ IV-5 and GE-EAS were identified by DSC (as a reversible heat
flow that is not a melting process using a heat-cool-heat method) and unsurprisingly, these
samples exhibited very low Tg’s. A high viscosity mixture was obtained when BADGE/GEEAS (1:1) was cured with NMA and removal of trapped air became difficult even the
resulting mixture was set in vacuo at 50 oC overnight so the Tg of materials from
BADGE/GE-EAS was also identified by DSC analysis.
The polymer prepared from a mixture of IV-4, IV-5 and IV-6 exhibited a low Tg (98
o

C) which is significantly lower than the Tg observed in neat IV-4- or IV-6-based resins. In

contrast, materials from IV-4 and IV-6 with the absence of IV-5 exhibit an outstanding Tg
(123 oC) as shown in Table 4.8. This suggests that utilization of mixed product streams from
lignin deconstruction need to be treated to either remove mono-functional products or to
introduce additional functionality.

4.3.4 BPF-type epoxy resins prepared from monomeric materials (IV-8 and IV-10)
4.3.4.1 DSC analysis
DSC data of curing reaction of thermosets prepared from IV-8, IV-10 and EPON 862
is summarized in Fig. 4.13 and Table 4.9. The endothermic processes below 100 ˚C are
attributed to the melting of undissolved monomer IV-10 (m.p. 103 oC) present in the sample.
Compared to commercial EPON 862, lower H’s (H was determined as the integral of the
exothermal peak in TA Universal Analysis software) were observed in these curing reactions
of thermosets from synthetic monomers which suggested a lower degree of cross-linking
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occurred. There are no obvious residual exothermic peaks once all the samples were cured,
indicating curing reactions were already complete after 2h at 150 oC.

Figure 4. 13 DSC analysis of curing reaction of thermosets from IV-8 and IV-10

Table 4. 9 DSC data of different monomers cured with NMA and BDMA
Monomers

Tp (oC)

H (J/g)

IV-8

146

73

IV-10

151

76

EPON 862/ IV-8 (1:1)

146

62

EPON 862/ IV-10 (1:1)

148

71

EPON 862

139

113

4.3.4.2 TGA analysis
Resin polymers cured with lignin-derived BPF-analogues are less thermally stable
(see Table 4.10) than materials made with commercial EPON 862 based resin. A two-step
degradation profile at 200-450 and 450-650 oC was observed as well. It is interesting that
blending EPON 862 into monomer IV-8 or IV-10 led a drop of the T5% compared to
thermosets constituted of neat IV-8 or IV-10.
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Table 4. 10 Temperatures of thermal degradation (T5% and Tmax) of thermosets from
monomers IV-8 and IV-10
T5% (oC) Tmax (oC)

Monomers
IV-8

314

395

IV-10

285

422

EPON 862/ IV-8

300

411

EPON 862/ IV-10

264

427

EPON 862

340

424

4.3.4.3 DMA analysis
As observed with samples cured from IV-5, thermosets cured from monomers IV-8
and IV-10 are too delicate to be cut into desired bars, even when blended with 50% EPON
862. Therefore, Tg was identified by DSC (see Table 4.11). The cured thermosets listed in
Table 4.11 all exhibited a much lower Tg than the thermoset produced by curing the
commercial EPON system, presumably due to a lower degree of cross-linking and to
increased rotational freedom in the polymer backbone.224 BPF-type resins exhibited lower
Tg’s than BPA-type resins as the methylene spacer in BPF resins leads to greater rotational
freedom in the framework relative to the isopropylidene spacer in BPA resins.224,

225

Compared the methylene bridge in BPF, the isopropylidene bridge in BPA decreases the
mobility and rotational freedom of the backbone, leading to a higher glass transition
temperature.
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Table 4. 11 Tg from DSC of thermosets prepared from IV-8 and IV-10
Monomers

Tg

IV-8

57

IV-10

43

EPON 862/ IV-8

42

EPON 862/ IV-10

53

EPON 862

139

4.4 Conclusions

Commercial BADGE-based epoxy resin (EPON 826) was replaced by 50% (w/w)
different lignin samples (KL, SMKL, KL-epoxide and SMKL-epoxide) then cured with NMA
and BDMA. Both the thermal and the mechanical properties of the resulting thermosets are
inferior to thermosets based on neat BADGE-based resins. To determine if lower molecular
weight lignin-derived materials would produce better thermosets, we investigated mixtures of
epoxy resin with mechanochemically treated and oxidized lignin. Mechanochemically-treated
kraft lignin was processed with a two-step oxidative approach and the ethyl acetate soluble
fractions were treated with epichlorohydrin to generate corresponding glycidyl ethers (GEEAS). Compared to thermosets from lignin samples, thermal stability of BADGE/GE-EAS
(50/50, w/w) based thermoset is obviously improved, although compared to BADGE-based
resin, all of these thermosets exhibit low glass transition temperatures.
Utilization of monomeric samples (IV-4, IV-5, IV-6) produced thermosets with
better thermal and mechanical properties than when lignin samples or GE-EAS were used.
Mono-epoxide IV-5 leads to lower glass transition temperatures and thermal stability,
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compared to bis-epoxide IV-4 and IV-6. In order to achieve better properties, monofunctional products should be removed from the product streams.
The ubiquitous use of BPA or BPF in commercial epoxy resin systems suggested
importance of isopropyl and methylene bridges between aromatic rings. We synthesized two
BPF-type monomers (IV-8 and IV-10) from compounds that can be produced from lignin and
cured them with NMA and BDMA. Using the same formula, these BPF-type thermosets
exhibit much lower glass transition temperatures compared to BPA-type thermosets prepared
from monomeric epoxides IV-4 - IV-6, although they are much more thermally stable than
from lignin-based or GE-EAS based materials.

4.5. Experimental

Column chromatography was performed using silica gel-60 (Supelco) and preparative
TLC was carried out with 1 mm plates (Merck). 1H and

13

CNMR spectra were obtained at

room temperature on a Varian INOVA 400 MHz spectrometer, with chemical shifts (δ)
referenced to the residual solvent signal. EPON 826 and EPON 862 were purchased from
Miller-Stephenson. NMA (≥ 95%) and BDMA (> 99.5%) were purchased from Sigma
Aldrich. All other chemicals were purchased from commercial vendors and directly used
without further purification.

4.5.1 Synthesis of bisphenol IV-7
A mixture of Syringol (5 g, 32.5 mmol) and 37wt% formaldehyde (1.2 mL, 16.3
mmol) in 60% H2SO4 (25 mL) was stirred overnight at 90 oC. The mixture was cooled and
extracted with ethyl acetate (3 x 20 mL) and the combined organic layers were dried over
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Na2SO4 and concentrated under vacuum. The crude products were purified by column
chromatography on silica gel (hexane/ethyl acetate = 2:1) to give IV-7 (2.47 g, 7.7 mmol,
47%) as yellow solid.
1

HNMR (400 MHz, CDCl3):6.56 - 6.49 (4 H, m), 3.90 (2 H, s), 3.79 (12 H, d, J = 2.4

Hz). 13CNMR (101 MHz, CDCl3): 146.3, 145.4, 138.6, 127.2, 120.0, 106.4, 60.3, 56.1, 28.9

4.5.2 Synthesis of diglycidyl ether IV-8
A mixture of bisphenol IV-7 (2.28 g, 7.1 mmol), TBAB (0.04g) and epichlorohydrin
(5.4 mL, 71.5 mmol) was stirred at 80 oC for 3h. The mixture was cooled and NaOH (5 M,
5.4 mL) was added then continued to stir for 1h. Ethyl acetate (20 mL) and water (20 mL)
was added and the mixture was stirred for another 30 min. The organic layer was isolated and
the aqueous solution was extracted with ethyl acetate (3 x 20 mL). The combined organic
layers were dried over Na2SO4 and concentrated under vacuum. The crude products were
purified by column chromatography on silica gel (hexane/ethyl acetate = 2:1) to give
diglycidyl ether IV-8 (2.85 g, 6.6 mmol, 93%) as yellow oil.
1

HNMR (400 MHz, CDCl3): 6.68 (2 H, d, J = 8.5 Hz), 6.52 (2 H, d, J = 8.6 Hz), 4.14

(2 H, dd, J = 11.2 Hz, 3.5 Hz), 3.91 (2 H, dd, J = 11.3 Hz, 6.1 Hz), 3.79 (2 H, s), 3.75 (6 H,
s), 3.73 (6 H, s), 3.30 (2 H, m), 2.76 (2 H, dd, J = 5.0 Hz, 4.2 Hz), 2.59 (2 H, dd, J = 5.0 Hz,
2.7 Hz). 13CNMR (101 MHz, CDCl3): 152.1, 151.9, 141.0, 127.3, 124.8, 107.2, 74.1, 60.8,
55.9, 50.5, 44.5, 29.2. HRMS (ESI) m/z [M + H]+ calcd for C23H28O8 433.1862, found
433.1858.
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4.5.3 Synthesis of bisphenol IV-9
A mixture of p-Cresol (5 g, 46.3 mmol) and 37wt% formaldehyde (1.7 mL, 23.2
mmol) in 60% H2SO4 (25 mL) was stirred overnight at 90 oC. The mixture was cooled and
extracted with ethyl acetate (3 x 20 mL) and the combined organic layers were dried over
Na2SO4 and concentrated under vacuum. The crude products were purified by column
chromatography on silica gel (hexane/ethyl acetate = 2:1) to give bisphenol IV-9 (5.2 g, 2.3
mmol, 98%) as white solid.
1

HNMR (400 MHz, CDCl3): 7.10 - 7.03 (2 H, m), 6.89 - 6.82 (2 H, m), 6.69 (2 H, dd,

J = 7.4 Hz, 4.8 Hz), 3.83 (2 H, s), 2.24 (6 H, d, J = 5.2 Hz). 13CNMR (101 MHz, CDCl3):
150.2, 131.27, 130.7, 128.5, 126.9, 115.8, 31.1, 20.5, 20.5

4.5.4 Synthesis of diglycidyl ether IV-10
A mixture of bisphenol IV-9 (5 g, 21.9 mmol), TBAB (0.10 g) and epichlorohydrin
(16.5 mL, 22.2 mmol) was stirred at 80 oC for 3h. The mixture was cooled and NaOH (5 M,
16.5 mL) was added then continued to stir for 1h. Ethyl acetate (20 mL) and water (20 mL)
was added and the mixture was stirred for another 30 min. The organic layer was isolated and
the aqueous solution was extracted with ethyl acetate (3 x 20 mL). The combined organic
layers were dried over Na2SO4 and concentrated under vacuum. The crude products were
purified by column chromatography on silica gel (hexane/ethyl acetate = 2:1) to give
diglycidyl ether IV-10 (3.25 g, 9.5 mmol, 44%) as white solid.
1

HNMR (400 MHz, CDCl3): 6.94 (4 H, d, J = 6.9 Hz), 6.73 (2 H, d, J = 8.9 Hz), 4.14

(2 H, dd, J = 11.5 Hz, 5.7 Hz), 3.97 (1 H, dd, J = 5.3 Hz, 2.5 Hz), 3.96 - 3.93 (3 H, m), 3.34 3.27 (2 H, m), 2.85 (2 H, t, J = 4.6 Hz), 2.69 (2 H, dd, J = 5.0 Hz, 2.6 Hz), 2.22 (3 H, s).
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13

CNMR (101 MHz, CDCl3): 154.4, 131.5, 130.2, 129.5, 127.3, 111.7, 69.1, 50.3, 44.7, 29.9,

20.5. HRMS (ESI) m/z [M + H]+ calcd for C21H24O4 341.1753, found 341.1748.

124

Chapter 5 Conclusions and Future directions
5.1 Conclusions

In this work we studied oxidative degradation of lignin through a two-step oxidation
approach and investigated utilization of lignin-derived materials (monomers and oligomers)
as building blocks for epoxy resin. We conducted oxidation of lignin models under both
stoichiometric and aerobic catalytic systems to see how different lignin linkages respond
under same conditions. Mechanochemical pre-treatment on lignin was applied to facilitate the
two-step oxidative depolymerization. To investigate a potential use of these oxidized
materials, epoxy thermosets were prepared from a set of lignin-derived aromatic acids as well
as from the ethyl acetate soluble fractions after the two-step oxidation of the
mechanochemical treated kraft lignin. Future research can now focus on formulation of epoxy
resins that are both thermally and mechanically competitive with commercialized but that
employ little-to-no BPA/BPF-based resins, avoiding both the health hazards of these
materials and the fossil resources used to make them.
There have been numerous reports on methods for the oxidative cleavage of -O-4
linkages in lignin model compounds, but relatively few reports of how those methods affect
other linkages that are present in lignin. In this dissertation we investigated the effect of
several of these oxidation methods on the -1 and the -5 lignin linkages, using four -1 and
-5 model compounds. Interestingly, different TEMPO-based oxidation systems produced
different arrays of products. Based on the result reported here, it is clear that the ‘re-oxidants’
used (NaNO2/O2, Fe(NO3)3/O2, and CuCl/O2) are not completely innocent - they play roles as
oxidants beyond just the re-oxidation of TEMPO. We observed that direct oxidative cleavage
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of C-C bonds occurs in metal-catalyzed TEMPO oxidation systems and with iron porphyrin
oxidations, neither of which had produced C-C bond cleavage in similar oxidations of -O-4
models. The -5 linkage proved to be largely resistant to all of these oxidative systems, but
the dihydrofuran ring in the -5 model 3 was opened when treated with KMnO4 at elevated
temperature. The most promising reaction we found was the oxidation of -1 model 2 with
DDQ, which produced the benzylic ketone in high yield (84%), as it does in reactions with O-4 models. This reaction exhibits selectivity for the benzylic position as well as
compatibility with phenols, characteristics that are highly desirable for a two-step, benzylic
oxidation/Baeyer-Villiger route to cleavage of lignin.
Conversion of biomass into usable fuels and chemicals, especially under very lowcost processing, remains a major challenge. Mechanochemical treatment of lignin can greatly
improve the yield of monomer products that can be obtained by oxidative deconstruction. In
this study we applied a mechanochemical approach, using ring-and-puck milling with KOH in
a solvent-free system to promote lignin degradation. We investigated how milling with this
larger-scale method would affect the success of a two-step oxidative lignin deconstruction
strategy in which we previously employed small-scale ball milling. We monitored changes in
lignin structure and functionality using HSQC and 31P NMR spectroscopy.
31

P NMR indicated that 2 hours of ring-and-puck milling can generate significant

amounts of aliphatic OH’s and phenols. Dramatic simplification of the HSQC spectra and a
pronounced downfield shift in NMR resonances (to H = 8.5 and 8.8 ppm) after porphyrin
oxidation suggests that ring-and-puck milling produced a significantly different set of
reactions and products than is produced by the ball-milling technique we used in a previous
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study. Also in contrast to our findings with ball-milled material, porphyrin oxidation of the
ring-and-puck milled material produced new products that could not be reduced with NaBH4
to reform the starting material. In addition, Baeyer-Villiger oxidation produced a remarkable
increase in the amount of the ethyl acetate-soluble portion, as well as a decrease in the
insoluble solid, as compared to the amounts obtained from the ball-milling process. A short 2hour period of ring-and-puck milling produced nearly half the amount of vanillic acid
(isolated as the methyl ester) as was previously isolated after an extended (48 hour) period of
ball-milling. The significant changes in the HSQC spectrum, the irreversibility of the
oxidation step, as well as the dramatic increase in ethyl acetate soluble products suggest that
previously unobserved chemistry is taking place.
Different reactivity of -1 and -5 from -O-4 linkages under the same oxidative
conditions could significantly impact the formation and distribution of monomers. In an
oxidation-reduction lignin decomposition strategy, Li and coworkers226 found that DDQ
pretreated lignin led to lower yield of monomers and soluble aromatic fractions when using
W2C/AC and 4 other catalysts. Although -O-4 linkages were oxidized into corresponding
carbonyl-containing structures, these -5 linkages remained robust and were converted into α,
β-unsaturated phenylcoumarans, which were even more difficult to cleave. This result again
implies that only breaking the dominate -O-4 linkages can not liberate large quantities of
monomers, and oxidation of other linkages should also be important.
Kraft lignin is usually processed in harsh conditions which leads to irreversible and
severe structures changes and this highly modified lignin is hydrophobic but possess lower
molecular weight than raw lignin though.16 Oxidative approaches of kraft lignin degradation
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were widely reported. For instance, Rohr and coworkers227 obtained vanillin and methyl
vanillate in 5 wt% yield (based on kraft lignin) and ca. 60% oligomeric materials when using
H3PMo12O40 in methanol at 170 oC in 20 mins. Co(salen)/Y-IM was applied to convert kraft
pulp lignin to guaiacol in 46% yield in water/MeOH with peracetic acid by Zhou.228 Gao and
coworkers obtained monomers including syringaldehyde, vanillin and 2,6-dimethoxyphenol
in 23.3% yield using H2O2 as the oxidant with a Cu(salen) powder with an interconnected 3Dnetwork.229 Shatterbox milling was initially designed to grind large quantities of coals and
rocks; the great force impact and shear forces generated between metal parts and lignin
powders demonstrated that novel chemistry occurred during milling progress. Employing this
Shatterbox milling, followed by our two-step oxidative lignin degradation approach, in our
study we can isolate 3.1 wt % of methyl vanillate from the 2h-Shatterbox-milled KL and 45%
of soluble fractions (both based on dry kraft lignin).210

5.2 Future work

Lignin is a three-dimensional bio-polymer that consists of complicated linkages,
while all the model compounds we studied possess only one representative linkage (-1, -5
or -O-4). The selectivity of oxidations of trimers or tetramers composed of more than one
type of linkages should be investigated as lignin-derived fragments usually possess multiple
linkages. Such a study would provide additional insight in the relative reactivity of the
different linkages.
Large quantities of free phenols exist in lignin and DDQ exhibited surprising
compatibility with all -1, -5 and -O-4 phenolic model compounds in our studies. We
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applied iron (III) porphyrin oxidations in our previous ball-milled kraft lignin and in
Shatterbox milled kraft lignin in this study, although iron (III) porphyrin seems not to be an
entirely compatible oxidant since oxidation of phenolic model linkages all gave
chromatographically immobile materials. In contrast, during our two-step oxidative
depolymerization approach, future work should consider using DDQ-based oxidation on
mechanochemically treated kraft lignin, with the hopes of increasing the monomer yields.
Epoxy resins prepared from lignin-derived materials are thermally competitive
though much worse mechanically. To achieve higher glass transition temperature,
modifications such as the introduction of long linear chains is helpful as backbone rotational
freedom degree can be decreased. Our work showed that replacement of BPA or BPF with
50% lignin-derived materials dramatically decreases the storage modulus and Tg of the cured
thermosets. Experiments at lower levels of substitution of lignin-derived materials for
BPA/BPF (5%, 10%, 20%...) would provide insight into how much lignin-derived material
can be incorporated while in retaining useful thermal and mechanical properties in the
resulting thermoset.
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